





Vitus 











TRANSACTIONS 
OF THE 


ILLUMINATING ENGINEERING- 
Ss SOCIETY 


FOUNDED INCORPORATED 
IN LONDON 1930 
1909 


10A* 


CONTENTS 


Page 
Photoelectric Photometers : Their 
Properties, Use, and Maintenance, 


by J. S. Preston, M.A., M.I.E.E., 
F.Inst.P. (Fellow) - - - ~- 121 


Additions to List of Members- - 152 


VOLUME VIII—No. 7 32 VICTORIA ST 
JULY, 1943 LONDON, SWI 

















SESSION 1942-1943 


THE 1.E.S. COUNCIL 


President :—R. O. Ackrertey. F.I.ES. 


Vice-Presidents :—H. Bucktey, D.Sc., F.Inst.P., F.1.E.S. E. J. Srewarr, 
M.A., B.Sc., F.L.E.S., E. Srroup, F.I.E.S. 


Members of Council*:—H. 8. Auupress, T. Catren, J. B. Carne, R. W. 
DanteL, G. Dixon, 8. I. Eviis, N. V. Everton, G. W. Goips, W. M. 
Hampton, W. Heruertneton, J. W. Howrett, Howarp Lona, R. 
Maxtep, F. F. Mippieron, C. W. M. Pups, E. G. Puiuirs, W. F. 
Pogson, J. 8. Preston, E. B. Sawyer, R. P. Savers, W. R. STEVENs, 
CRAWFORD Suae, J. M. Watpram, W. D. Wricur. 

Chairmen of Centres (ex-officio): —Dr. J. W. Wuiraker (Leeds) ; Mr. W. 
H. Smirx (Manchester); Mr. J. H. Scorr (Glasgow) ; Mr. W. J. 
G. Davey (Birmingham); Mr. G. D. Jounson (Nottingham); 
Mr. 8. I. Exxis (Newecastle-on-Tyne); Mr. J. T. GrimsHaw 
(Sheffield) ; Mr. Epwarp Jones (Cardiff). 


Hon. Treasurer :— Hon. Secretary :— 
H. C. Weston. J. 8. Dow. 


*In addition, all Past Presidents of the Society are ex-officio Members 
of Council. 





Committees 


GENERAL Purposes CommitrEE:—R. O. Ackerley (President), H. C. 
Weston (Hon. Treasurer), J. 8. Dow (Hon. Secretary), W. J. 
Jones, Prof. J. T. MacGregor-Morris (Past-Presidents), H. Buckley, 
E. J. Stewart (Vice-Presidents). 


Papers CommitrEe :—H. Buckley, W. M. Hampton, R. Maxted, F. C. 
Smith, W. R. Stevens, J. W. Whitaker, W. D. Wright. 


Ligutinc AND Reconstruction ComMITTEE :—R. O. Ackerley (Chairman), 
Dean Chandler, 8. English, Percy Good, W. J. Jones, C. C. Paterson, 
F. C. Smith, J. W. T. Walsh, Sir Duncan Wilson. 


CoMMITTEE ON CeNTRES.—This Committee consists of (a) three repre- 
sentatives of the Council, who are at present Mr. W. J. Jones, 
Mr. N. V. Everton, and Mr. F.C. Smith. (b) A representative of each 
of the Centres and of any Group situated in an area where no Centre is 
in existence. 


(N.B.—The President; Hon. Secretary, and Hon. Treasurer are ex-officio 
members of all committees.) 


PI 


and 
acl 


curt 
use 


the 
corr 


and 
cire 
for | 
phot 
amp 
stab! 


unde 
prec 
infor 
Littl 
and 

of d 


Ill. 





W. 
ee 
m); 
HAW 


Jow. 


ibers 


7 
ar 


skley, 
F, C. 


man), 
erson, 


repre- 
Jones, 
of each 
ntre is 


r-officro 


PHOTOELECTRIC PHOTOMETERS: THEIR 
PROPERTIES, USE AND MAINTENANCE 


By J. S. PRESTON, M.A., M.I.E.E., F.lnst.P. (Fellow) 


(National Physical Laboratory) 
(Paper read on Tuesday, April 13, 1943) 
SUMMARY 


This Paper examines the problems arising in the application of emission photocells 
and selenium rectifier photocells to photometry. It deals with the difficulties of securing 
2 close approximation to a linear scale, and to the spectral sensitivity of the standard eye; 
ind also with the life, stability, and fatigue of photocells, temperature coefficient, dark- 
rrent, non-uniformity over the area of the sensitive surface, stray radiation, and the 
ye of photoelectric instruments for measuring fluctuating light sources. In the case of 
rectifier cells the questions of the response of the cell to oblique illumination and of 
the size of cell best suited to any given purpose are also discussed. A number of colour 
correction filters proposed for use with both types of photocell, are cited. 

The principles and methods of use of standard types of photometer circuits are described 
ind critically discussed. The circuits included are the direct-reading and the integrating 
circuits for emission cells, and the light-meter, Campbell-Freeth, and balanced-cell circuits 
for rectifier cells. As an example of a complete instrument a new portable emission-cell 
photometer is described in which the amplifier circuit, comprising two stages of D.C. 
amplification, includes an electrometer tetrode, and gives a current gain of 2.10° with 
stability adequate for measuring photocurrents down to 2.10—'! ampere to within +-5%. 

The Paper is an attempt to collate the information necessary to give the user a clear 
understanding of the possibilities and limitations of photoelectric photometers, and of the 
precautions necessary to ensure results of the highest possible accuracy. Selection of this 
information is based on experience of the last ten years at the National Physical Laboratory. 
Little that is novel is described, except the circuit for use with the electrometer tetrode, 
and work, as yet incomplete, on the fatigue of rectifier cells under monochromatic light 


of different wavelengths. 
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1. INTRODUCTION 


The Physical Measurement 
of Radiation. 


The three methods most often used 
for the physical measurement of 
radiation—the thermal, photographic, 
and photoelectric are named accord- 
ing to the property of radiation to 
which the sensitive receiver responds. 
In thermal instruments the radiation 
is absorbed as completely as possible 
by a blackened “target,” the energy 
received by the target maintaining it 
at a steady temperature above that 
of its surroundings. The tempera- 
ture difference is generally indicated 
by some form of electrical ther- 
mometer, e.g. a thermocouple or 
thermopile attached to, or itself 
forming the target. For measure- 
ments of a fundamental nature, 
thermal instruments are used, to the 
almost complete exclusion of other 
methods, because the blackened 
target is not selective in its absorbing 
properties over a wide spectral range; 
out owing to their comparative in- 
sensitivity the use of thermal 
methods is mainly confined to the 
laboratory where the necessary deli- 
cate associated apparatus is avail- 


able. 

In the photographic method the 
density of the silver deposit in the 
developed image is used as a measure 
of the intensity of the radiation to 
which the plate or film has been 
exposed. As the density of the 
deposit for a given radiation in- 
tensity and exposure time is by no 
means independent of the spectral 
quality of the radiation, and different 
plates or films coated with the same 
emulsion have not necessarily identi- 
cal characteristics, calibration is 
often not a simple matter, and has to 
be repeated for each record. Such 
complications, with the need for close 
control of the conditions of develop- 
ment, make the errors as well as the 
inconvenience associated with photo- 
graphic methods greater than can 
generally be tolerated for routine 
photometry. On the other hand, over 
the ultra-violet, visible, and near 


infra-red regions of the spectrum tg 
which photography is suited, amounts 
of radiant energy tar smaller than can 
be measured by thermal methods 
will give satisfactory photographic 
records. When long enough expo. 
sures can be given it is possible to 
secure photographic records at values 
of intensity below the reach of any 
other physical means except such 
highly specialised apparatus as the 
photon counter. 

Photoelectric methods are of several 
different kinds, but all make use of 
the interaction between the incident 
radiation and the electrons present in 
a specially prepared sensitive surface 
or layer. In the PHOTOELECTROLYTIC 
CELL, radiation falling upon one of two 
electrodes immersed in an electrolyte 
causes a difference of potential be 
tween the two, or a flow of current 
through an instrument connected to 
them. In the PHOTOCONDUCTING CELL 
the radiation lowers the resistance of 
the sensitive material (usually 
selenium). Neither of these types of 
photocell may be used for any but the 
roughest of measurements because 
their properties are not sufficiently 
stable. They are, however, used for 
operating relays and similar appara- 
tus. In the VACUUM PHOTO-EMISSIVE 
(or “glass bulb”) ceLL the radiation 
causes the emission of electrons from 
the sensitive surface or cathode, 
which under the influence of an 
applied electric field travel across 
intervening space to the _ anode 
and thence by way of the ex- 
ternal circuit return to the cathode. 
The current in this circuit may 
be measured directly if large 
enough, or otherwise with the aid of 
valve amplification. In the Gas- 
FILLED CELL an inert gas at a low 
pressure is present, and the electrons 
may be accelerated until each has 
sufficient energy to ionise a certain 
number of atoms of the gas during its 
journey from cathode to anode. The 
ions are swept to the electrodes by the 
applied field and so augment the 
primary electron current. The num- 
ber of ions formed per photoelectron, 
and so also the total current yielded, 
is dependent on the applied electric 
field. The ratio of the current for a 
given applied voltage to that yielded 
when the field is just too weak to pro- 
duce any ionisation, is called the “ gas- 
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amplification factor ” for that voltage. 
There is a limit to the stability of the 
jonising process, for with a high 
enough field the ions first produced 
may acquire sufficient energy to pro- 
duce others. The process then be- 
comes cumulative and a discharge 
commences which can only be stopped 
by removing the field. 

In both types of emission cell the 
primary electron emission is a. 
tional to the intensity of the incident 
radiation, and one might therefore 
expect the same to be true of the 
current in the external circuit. In 
practice a close approximation to this 
ideal may be, but is not necessarily, 
achieved. 

In the RECTIFIER PHOTOCELL a metal 
base-plate supports a layer of sensi- 
tive material, usually selenium or 
cuprous oxide, on which is deposited 
a very thin translucent metal 
film. Radiation penetrating this film 
causes an electron emission from the 
layer beneath, and the electrons flow, 
without the aid of an impressed field, 
into the film and from it by way of the 
external circuit to the base-plate, and 
back to their starting point. Thus, 
whereas the emission cell acts as a 
kind of valve permitting current from 
a battery to flow through it when 
radiation falls on it, the rectifier cell 
is a converter, and the electrical 
energy furnished by it is derived from 
the incident radiation itself. It may 
almost certainly be assumed that 
ideally the electron emission in the 
rectifier cell is proportional to the in- 
tensity of the incident radiation, but 
in practice departures from the desir- 
able linear relation between radiation 
intensity and current occur to a 
greater or lesser degree according to 
circumstances. The departures are 
larger than for the best emission cells. 

All forms of photoelectric cell are 
selective; that is to say, their output 
per unit of incident radiant energy 
depends upon the wavelength of the 
radiation. The curve relating the out- 
put per unit energy to the wave- 
length of the radiation is called the 
spectral sensitivity curve, and the 
function which it represents may con- 
veniently be called the spectral sensi- 
tivity. This function depends on the 
type of cell and the kind of sensitive 
surface, and generally varies a good 
deal from cell to cell among those 


made in the same way and intended to 
be alike. In this the photocell re- 
sembles the photographic emulsion. 

The sensitivity of photoelectric 
methods, including amplification 
when suitable, is adequate for almost 
all purposes. The photocell is much 
inferior to the human eye in sensi- 
tivity to visible radiation, but the 
photoelectric methods have a range 
comparable with the photographic, 
and were it not for the technical limi- 
tations which so far have made it diffi- 
cult to integrate minute photo-cur- 
rents over the lengthy periods of time 
sometimes used for photographic ex- 
posures, the lower practical limits of 
usefulness of the two methods would 
probably not differ greatly. 

From this review of the three prin- 
cipal physical methods of measuring 
radiation, we see that the thermal 
methods are non-selective and suited 
to fundamental measurements; they 
are not sensitive enough for general 
comparative measurements such as 
are involved in photometry, though 
they may be used for such purposes 
given favourable circumstances 
(@ 2 8). Photographic methods in- 
volve a somewhat laborious technique, 
frequent calibrations, and _ large 
errors; their main distinction lies in 
their adaptability and high sensitivity. 
Photoelectric methods, using emis- 
sion or rectifier cells, are versatile and 
sensitive enough for nearly all pur- 
poses, and do not require delicate 
laboratory equipment for their opera- 
tion, while a scale closely approximat- 
ing to the linear form indicated by 
physical theory can with care be en- 
sured. Like the photographic emul- 
sion, the photocell has selective pro- 
perties, but since it is not “ used up” 
by being used, these properties may be 
determined once for all. 

Briefly, then, photoelectric methods 
share the advantages of both thermal 
and photographic methods and hardly 
any of the disadvantages. Neverthe- 
less, a knowledge of general princi- 
ples only is not sufficient to enable all 
these advantages to be combined in a 
given instrument, or turned fully to 
account where accuracy is concerned. 
It is necessary to attend to many tech- 
nical details in order to obtain the 
sensitivity adequate for a_ given 
purpose, to secure close approxima- 
tion to a linear scale, to overcome 
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difficulties due to spectral selectivity 
and to secure consistent and accurate 
results. This perhaps requires special 
emphasis because the degree of preci- 
sion obtainable is almost always of a 
higher order than the highest possible 
accuracy, and the one is not infre- 
quently mistaken for the other. It is 
with this aspect of the subject, as it 
relates to photoelectric photometry, 
that the present paper is concerned. 


tl. Photoelectric Photometry—Gene- 
ral Considerations. 


Photoelectric methods are supplant- 
ing the visual method of photometry 
largely because of their high speed of 
operation, and the high degree of re- 
petitive precision generally obtain- 
able. In many cases also they can 
provide a very desirable relief from 
eye-strain; in others the apparatus re- 
quired is simpler than for visual ob- 
servations. Photoelectric results are 
also free from ‘the uncertainty of 
visual photometry arising from the 
variation in individual characteristics 
from observer to observer, which 
often makes it necessary to employ 
more than one or two observers. 

The emission and the rectifier types 
of photocell have different general 
features, which fit them for different 
uses. The emission cell is by far the 
better for all purposes for which 
stability, precision, and linearity of 
scale are important, and the bulk or 
complexity of the apparatus are 
minor considerations. The emission 
cell is therefore largely used in labora- 
tory work and for routine lamp 
photometry. The bare emission cell 
is not suitable for illumination mea- 
surements where the light is incident 
from more than one direction. For 
this purpose it is important that the 
response of the cell should vary ap- 
proximately as the cosine of the angle 
of incidence. Generally, the presence 
of obstructions in the bulb of the 
emission cell, or even of the bulb it- 
self, make it impossible to satisfy this 
condition with the bare cell. The 
emission cell may, however, be used 
behind a diffusing window having the 
desired property. 

The rectifier cell is not such a reli- 
able measuring instrument as the 
emission cell but the apparatus used 
with it is very simple, and so this kind 


of cell has great utility as a portable 
photometer. Also, since the sensitive 
surface is flat and unobstructed, the 
response of the cell conforms fairly 
closely with the cosine law, and may 
easily be further improved in this re 
spect by the use of special matt 
lacquers or other means. 

Thus, the emission cell photometer 
is the more generally used in per. 
manent situations in the laboratory or 
works, e.g. for lamp photometry: 
while the rectifier cell is mainly used 
in portable illumination meters for 


- which a lower accuracy is often toler- 


able. Nevertheless, the rectifier cell 
is often used for the less exacting 
laboratory work by reason of its con- 
venience, while the emission cell 
photometer is frequently built in a 
portable form for varied uses outside 
the laboratory. One of the reasons 
which sometimes dictate the use of 
the emission cell in place of the recti- 
fier cell is the higher sensitivity 
obtainable in the photometer as a 
whole. Emission cells suitable for 
photometry usually have a sensitivity 
of about 2 to 10 microamperes/lumen, 
but they can be and usually are used 
with certain methods of valve ampli- 
fication which raise the overall value, 
if necessary, to about 20 amperes/ 
lumen, without serious loss of 
stability. On the other hand the 
sensitivity of the rectifier cell alone is 
of the order of 500 microamperes/ 
lumen, but its electrical properties 
make amplification impossible. 

To ensure the highest accuracy in 
photoelectric photometry two require- 
ments, the scale relation or “line- 
arity” of the photometer as a whole 
and the spectral sensitivity of the cell, 
are fundamental. Let us consider 
“linearity ” first. If a photometer is 
to be used simply to indicate the 
equality of two brightnesses or in- 
tensities the form of the function con- 
necting scale reading with intensity 
is of no interest. The eye is almost 
always used in this way, to bring to 
equality the brightnesses of two parts 
of a photometric field observed simul- 
taneously, or of the same part when 
it is illuminated by the two light 
sources in rapid alternation (flicker 
photometer). Photocells may of 
course be used in similar ways (* 5), 
but the.methods are often incon- 
venient. If, on the other hand, the 
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photometer is used to compare light 
sources of different intensities, the 
form of the relation between the read- 
ings and the intensities must be 
known. In theory, the photocell 
should give a linear scale relation. In 
practice certain features in the photo- 
cell, and in the way in which it is used, 
may result in departure from the 
linear relation. With care, one can 
eliminate these to a great extent, but 
where the photocell is concerned, only 
the manufacturer is in a position to do 
this. Not all cells at present on the 
market are designed with this end in 
view. It is thus desirable to select 
the cell with care and to check the 
departure from the linear scale. Once 
this has been done, however, and a 
satisfactory performance obtained, 
calibration at one or two scale read- 
ings suffices. 

When a photoelectric photometer is 
to be used for comparing light sources 
of different spectral qualities the 
second fundamental requirement 
arises. It is that the photometer shall 
furnish results in accordance with 
those given by standard visual 
methods. Though individual eyes 
have different spectral characteristics, 
astandard luminosity function (*) has 
been agreed upon as the basis for re- 
sults. The problem in photoelectric 
photometry is therefore to modify the 
spectral sensitivity of the photometer 
to imitate the standard luminosity 
function. This may be done by dis- 
persing the light to be measured into 
a spectrum, which is focused upon a 
template shaped so as to remove 
different proportions of the light at 
different wavelengths throughout the 

trum. The light passing the tem- 
plate is then recombined and focused 
on the photocell. With a template of 
the proper shape the spectral sensi- 
tivity of the whole apparatus is made 
to match the standard luminosity 
function (7). This is, of course, a diffi- 
cult laboratory method and will not 
be further considered here. The more 
common, simple method is to modify 
the quality of light reaching the photo- 
tell by means of a “colour-correc- 
tion”. or compensating filter. Though, 
owing to natural limitations in the 
Properties of colour filters, it is not 
Possible to secure an exact match 
with the standard eye, very close 


approximation can be _ obtained, 
especially when the photocell has a 
smooth spectral sensitivity curve 
which does not require much modi- 
fication. -The cell is of course chosen 
with this in mind. In certain uses, 
such as comparisons between tungsten 
lamps over a limited range of colour 
temperature, only partial compensa- 
tion may be necessary in order to 
secure the desired accuracy, and the 
choice of an appropriate correction 
filter is then comparatively easy, and 
several different kinds may be found 
to serve equally well. When the radi- 
ations to be compared are of identical 
spectral composition as in spectro- 
photometry, or differ very little as in 
comparing a group of electric lamps 
of the same type and rating, no com- 
pensation at all will be needed. 

The conditions of linearity and 
spectral sensitivity generally present 
by far the most troublesome problems 
in photoelectric photometry. There 
are, however, other conditions which 
a photoelectric photometer should 
obey if it is to yield accurate results 
without losing the advantages of 
simple and speedy operation. The 
calibration should be stable over a 
long period of time and the useful life 
of the components should be long 
enough to avoid inconvenient replace- 
ment and readjustment. The cell 
should not show undue fatigue, i.e., 
reversible changes in sensitivity over 
periods of a few minutes when ex- 
posed to light. The photometer 
should have as low a temperature co- 
efficient of sensitivity as _ possible, 
and should be free from effects due to 
external conditions beyond the con- 
trol of the operator, such as humidity, 
or electrical disturbances due to other 
apparatus or machinery. None of 
these questions can be adequately dis- 
cussed without reference to particular 
types of photocell and other compo- 
nents, or to specific methods of use, 
and we shall therefore deal now with 
the practical considerations which 
should guide the user in the choice 
of his apparatus, and in its proper use 
and maintenance. Since the proper- 
ties of emission cells and _ their 
methods of use are so unlike those of 
rectifier cells, the two classes of photo- 
meter must be treated separately. The 
cuprous oxide rectifier cell is not 
dealt with, since it is now little used, 
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and has been superseded by the 
selenium rectifier cell. 


lil. The Use of Emission Photocells in 
Photometry 
1. VacuuM AND GASFILLED CELLS. 


For photometry, vacuum cells are 
always preferable to gasfilled unless 
there is no other convenient way (e.g., 
by increased amplification) of attain- 
ing the desired sensitivity. The degree 
of gas amplification, and so the 
sensitivity, of the gasfilled cell de- 
pends somewhat critically upon the 
applied voltage, which must therefore 
be kept very steady in order to main- 
tain calibration. In practice, the gas- 
filled cell is usually operated with a 
gas-amplification factor of about 8. 
For most cells this requires a voltage 
in the region of 90 volts. In the 
vacuum cell the current yielded for a 
given illumination is nearly independ- 
ent of the applied voltage provided 
this is higher than the “ saturation ” 
voltage, i.e., the voltage above which 
the space-charge effect due to the 
electron stream in the cell is over- 
come, and practically all the electrons 
emitted at the cathode are collected 
by the anode. The appropriate work- 
ing voltage for most vacuum cells is 
in the region of 20-30 volts. 


2. STABILITY AND LIFE. 


Almost the only change which may 
take place naturally in the properties 
of a vacuum cell is one which may re- 
sult if there is surplus alkali metal in 
the cell. The alkali metal is easily 
vaporised and so may be transferred 
on to the cathode from some other 
part of the cell at high room tempera- 
ture, so altering the properties of the 
cell. The composite “thin-film” 
cathode of the modern cell, though it 
contains some alkali metal, is itself 
much more resistant to disruption by 
high temperatures. 

A “clean ”-looking vacuum cell, free 
from stray material within the bulb, 
is therefore to be chosen. Cells of 
this kind, having a central metal plate 
as cathode, as described in the next 
section below, have been in use for 
some time at the National Physical 
Laboratory. Their sensitivity has not 
changed by more than a few parts per 
cent., either absolutely, or relatively 
throughout the visible spectrum, over 
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ive There 
appears to be no limit to the life o 
emission cells when they are used ip. 


termittently, as in routine photo 
metry, and the photocurrent draw 
from them is of the order of 1/1) 
microampere. 


3. LINEARITY AND FATIGUE.(‘). 


In order to secure the linear rela 
tion between current and illuminati 
for the vacuum cell it is first of alj 
necessary that the electric field in the 
cell shall be as uniform as possible 
and therefore that stray charge 
which might distort the field, cannot 
accumulate on the walls of the bulb; 
or, if they do, that the cathode js 
screened from them. In this way 
only can it be ensured that all the 

hotoelectrons may reach the anode. 

t is a corollary that the cathode must 
be everywhere a good conductor. For 
if not the flow of photocurrent 
between the lead-in connection and 
outlying parts of the film will, on a 
count of the resistance in the film, re 
sult in some of these outlying areas 
attaining such a potential that emis 
sion from them practically ceases. 
Owing to changing field conditions 
the cathode will then behave a 
though its effective area diminishes a 
the current it is called on to furnish 
increases, and departure from linear 
ity will result. Moreover, on e 
posure to light, an appreciable tim 
may elapse before the potential con 
ditions over the whole sensitive are 
reach a state of equilibrium. During 
this time the current output of the 
cell will be diminishing, i.e., fatigue 
will be observed. For these reasons 
the “cathode-on-bulb” design of cell 
very seldom proves suitable for phote 
metric use. For it is almost i 
evitable that in manufacture some d 
the sensitive material is deposited in 
very thin layers, having a high tr 
sistance, on parts of the bulb beyoni 
the boundary of the silvered condue- 
ing area intended to receive it. 

The design of cell which most con- 
pletely satisfies all the desirable cor- 
ditions is therefore one in which 
cathode is a metal plate in the centte 
of the cell, and the anode a wire gril 
or mesh surrounding the cathode a 
screening it from the bulb walls, and 
producing as uniform an electric 





Werte 





There 
life of 
sed in. 
photo. 
drawn 
f 1/10) 


(*), 


ar rela. 
‘ination 
: of all 
1 in the 
ossible, 
harges, 
cannot 
1e bulb; 
1ode is 
is Way 
all the 
» anode. 
de must 
or. For 
current 
ion and 
l, on ac. 
film, re 
ig areas 
at emis 

ceases. 
nitions 
lave a 
rishes as 
. furni 
n linear 
on ex 
ble time 
tial con 
‘ive area 

During 
of the 
, fatigue 


osited in 
high re 
> beyond 
conduct 

it. 
10st com- 
able con 
Thich the 
he centre 
wire 
‘thode ot 
valls, 
etric 





THEIR PROPERTIES, USE AND MAINTENANCE 


Cells made in accor- 


as possible (°*). 
dance with this design generally ex- 
hibit only negligible fatigue, and a 
departure from linearity of response 
of perhaps only a few parts in 10,000 
over a range of 10: 1 in illumination. 


In cases of doubt, the departure 
from linearity is easily checked by 
the summation test (°). 


4, TypES OF SPECTRAL SENSITIVITY, OR 
CATHODE. 


Different types of cathode are sen- 
sitive to different regions of the spec- 
trum, and by using different cells, 
measurements can be made in the 
whole range between about 2,000A. 
and 10,000A. Bulk metal cathodes 
are sensitive over comparatively 
narrow bands of the spectrum only 
(of width say 1,000A.), but composite 
thin-film cathodes are sensitive over 
much wider ranges (of extent 3000 to 
6,000A.). 

In photometry, when a colour filter 
is used in front of the cell to provide 
a physical “standard eye,” high 
cell-sensitivity in the region 4000- 
000A is required. Also, in order that 
the filter should be as simple as pos- 
sible, and the overall sensitivity of 
the combination as high as possible, 
it is desirable that the spectral sensi- 
tivity curve of the cell should be of a 
simple, smooth type. These condi- 
tions are well satisfied by the potas- 
sium on silver oxide (or K-O-Ag) 
cell. This cell has a maximum sen- 
sitivity at about 3,900A. The sensi- 
tivity falls sharply at shorter wave- 
lengths. Toward the longer wage- 
lengths it falls regularly, approaching 
zero at about 8000A. As regards over- 
all sensitivity, nothing is gained by 
starting with a cell like the caesium 
on silver oxide cell, with a high sen- 
sitivity to the unfiltered radiation 
from an electric lamp, when much of 
this sensitivity is due to the effect 
of radiation which the eye cannot 
see (e.g., infra-red) and which the 
roper correction filter must absorb. 

e more recent antimony-caesium 
and bismuth-caesium cathodes (?° to 
*) should prove as suitable as the 
K-0-Ag cathode, with the advantage 
of an increase of 10 to 20 times in 
Sensitivity, but their production in 
aform suitable for accurate work (as 


described in III., 2 and 3 above) is still 
awaited. 

In_ spectrophotometry it is an ad- 
vantage that the cell used should be 
sensitive over a wide range of wave- 
lengths. A single cell with potassium 
or rubidium thin-film cathode will 
cover the visible region of the spec- 
trum. The bismuth-caesium cell 
would no doubt also be suitable, but, 
as already mentioned, is not yet 
available in suitable form. 


5. CoLouR-CORRECTION FILTERS AND 


FACTORS. 

It is not possible here to go deeply 
into the problem of designing colour 
correction filters to give “standard 
eye” characteristics with various 
cells. Reference must be made to the 
literature for fuller details (*7, '5). 
It must be emphasised at once, how- 
ever, that with no emission photocell 
at present available are errors likely 
to be small when the cell is used with- 
out a filter to compare sources of 
different spectral qualities. For in- 
stance, in comparing tungsten lamps 
of different colour temperatures by 
means of a K-O-Ag cell without filter, 
the error is about 10 per cent. per 
100°K difference in colour tempera- 
ture, the photocell being moré “ blue 
sensitve” than the eye. 

One of the most useful and adapt- 
able filters for general use is a glass 
cell containing an aqueous solution 
of cupric chloride and potassium di- 
chromate, with the addition of cobalt 
ammonium sulphate when close ad- 
justment is desired. Different types 
of cathode may require altogether 
different filters, and different cells of 
the same kind may not be suited 
accurately enough by one common 
filter, but a filter of the following 
specification will, with slight modifi- 
cation, if necessary, suit almost any 
cell with the K-O-Ag cathode :— 

A parallel-sided filter-cell of colour- 
less glass containing 1 cm. thickness 
of a aqueous solution of 

37.52g. CuC1,.2H,O 
34.39g. CoSO,.(NH,).SO,.6H,O 
1.353g. K,Cr.,O, 
per litre of solution. 

The cell should be cemented to- 
gether with paraffin wax (balsam re- 
acts with the solution), and may be 
hermetically sealed with a waxed 
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glass slip provided an air-space is left 
above the liquid. A filter of this kind 
has been in use in the lamp-testing 
hotometer at the National Physical 
aboratory for many years, without 
requiring any attention. 

For the limited purpose of compar- 
ing tungsten lamps over a moderate 
range of colour temperature, full com- 
pensation is not necessary. A simpler 
filter is used, and adjustment of the 
filter by trial and error to give results 
agreeing with the visual scale over 
the limited range is a fairly -easy 
matter. A filter like the above, but 
containing 

20.46g. CuCl,.2H,O 

1.471g. K,Cr,O, 
per litre of aqueous solution is suit- 
able for use with a K-O-Ag cell. 

An alternative method (*°), where 
the photocell is housed in an auxiliary 
whitened sphere attached to an inte- 
grating sphere or cube, is to provide a 
suitable filter arranged to slide over 
the aperture between the two. This 
filter can be adjusted in position so as 
to modify to the desired degree the 
light reaching the photocell. The 
same principle may be applied where 
a diffusing window admits light to the 

hotocell, more or less of the window 
eing covered by the filter. 

When only two types of light source, 
of fixed spectral composition, are con- 
cerned, as for instance in comparing 
sodium vapour lamps with tungsten 
standards of fixed colour temperature, 
the easiest course is to omit the cor- 
rection filter altogether and deter- 
mine a correction factor by pre- 
liminary comparison with accepted 
visual values of intensity. In apply- 
ing this method to mercury vapour 
lamps it must be remembered that the 
spectral quality of the light. depends 
on the pressure of mercury vapour, so 
that different types of lamp will re- 
quire different correction factors. 
The proper correction factors should 
be determined for the particular cell 
used, as they will vary a good deal 
from cell to cell. 


6. TEMPERATURE COEFFICIENT. 

So far we have been concerned only 
with properties of the photometer 
which are determined solely by the 
photocell and correction filter. In 
assessing the temperature coefficient 


of sensitivity we have to anticipate a 
little, and consider a part of the associ. 
ated electrical circun. The overall 
temperature coefficient is the sum # 
the individual coefficients for the cell, 
the filter, and the resistor R (Fig. 1) 
or the condenser X (Fig. 2). The 
temperature coefficient of most emis. 
sion cells is about —0.2 per cent. per 
degree Centigrade, of the filter up to 
—0.3 per cent. and of the resistor R 
about —0.2 per cent. per degree Centi- 
grade. The coefficient for the con. 
denser X will be much smaller and 
can be considered negligible. The 
hotometer as a whole will therefore 
ave a temperature coefficient of about 
—0.4 to —0.7 per cent. per degree 
Centigrade. 


7. DaRK CURRENT, 


There is, however, a further effect of 
temperature on the photocell alone, 
The current which passes from anode 
to cathode terminals of the cell, when 
the cell is in darkness, is known as the 
dark current. In a modern well-de- 
signed cell with guard rings, in a 
dry atmosphere, insulation leakage 
contributes only an unimportant part 
of this current. It is in the main due 
to thermionic emission from the cath. 
ode. Its amount at a given tempera- 
ture depends on the work-function 
of the cathode and is therefore related 
to the long-wave limit of spectral 
sensitivity, being greater the more 
“red-sensitive ” the cell. In any given 
cell it increases with temperature. In 
most cells used in photometry it is too 
small at room temperature to cause 
any difficulty when direct-reading 
methods (IV., 1) are used. In these 
methods the zero-setting of the photo- 
meter (with the cell in the dark) is 
made with the cell in circuit and so 
the dark current is allowed for and 
not included in the reading. Variation 
in the dark current would, of course, 
result in disturbance of the zero- 
setting. In practice, such variations 
are usually so small, in the course of 
a single reading, that photocurrents 
considerably smaller than the con 
tinuous dark current on which the 
are superposed may be measured. 
When integrating methods are used, 
however (IV., 2), the dark current is 
integrated along with the photocul- 
rent over a period of some minutes, 
usually. A second “dark reading” 
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has to be taken to determine the dark 
current alone, still further prolong- 
ing the element of time. The range of 
the variation in the thermionic emis- 
sion during a single complete measure- 
ment may then be large, and so set a 
considerably higher limit to the 
smallest photocurrent which can be 
measured at all accurately. This 

int is discussed in detail below, 
where the two methods are described. 

It is often not realised that in an 
infra-red sensitive caesium cell hav- 
ing a cathode of area 1 sq. inch, the 
thermionic current may be as much 
as 1/200 microampere at 20°C., rising 
to about 1/100 microampere at 30°C. 
The magnitude of fhis current and 
more particularly its rapid change 
with temperature are often serious 
obstacles to the use of caesium cells 
for accurate measurements. For 
special purposes the thermionic cur- 
rent may be reduced as desired by 
cooling the cell. It will obvigusly be 
less, the smaller the area of the 
cathode. 


8. Use or Sector Disks AND MEASURE- 
MENT OF FLUCTUATING LIGHT SOURCES. 


There remain to be mentioned one 
or two points concerning the use of 
emission cells in photometry, which 
relate to special cases rather than the 
general problem. The first concerns 
the use of photoelectric methods for 
measuring a cyclically varying light 
source. In visual photometry, sector 
disks are often employed to reduce 
the illumination on the photometer 
in a known ratio, and Talbot’s Law 
is then applicable. This law, as ap- 
plied to the photocell, may take the 
form of the statement that for a 
given, average illumination, the mean 
photocurrent is the same whether the 
illumination be steady or fluctuating 
in character. This law has been found 
to apply accurately to emission photo- 
cells used with sector disks running 
at the speeds commonly used, irre- 
spective of the degree to which the 
response of the cell departs from the 
linear form (2°: *'). It may be assumed 
therefore that it holds for measure- 
ments on fluctuating sources such as 
electric discharge lamps, where the 

uency of fluctuation is normally 
100 cycles/sec. Certain precautions 
must be observed, however, if the 


characteristics of the electrical circuit 
of the photometer are not to intro- 
duce errors in such cases. These are 
mentioned below in Section IV., 1. It 
is also probable that the cell itself, if 
markedly “non-linear,” would show 
a departure from Talbot’s Law at con- 
siderably lower frequencies than are 
commonly encountered. 


9. Stray RapIATION. 


The second point concerns stray 
radiation. Some emission photocells 
used ‘occasionally for photometric or 
spectrophotometric purposes are 
quite sensitive to radiation to which 
the eye is relatively blind. The rubi- 
dium or caesium cell will “see” an 
electric lamp quite well through 
black material which to the eye ap- 
pears absolutely opaque. Care must 
be taken to avoid stray radiation of 
this kind, not evident visibly. On the 
other hand the high sensitivity of the 
emission cell photometer makes it a 
useful instrument for investigating 
directly the amounts of stray light 
which may arise from inadequate 
screening on a‘ photometer bench, 
scattering in an optical system, and 
so on. 


10. Non-UNIFORMITY OF THE CATHODE. 


There is one further point to note. 
It is that the sensitivity of the cathode 
of almost every emission cell is found 
to vary greatly over its surface. When 
such a cell is used to measure the 
intensity of a narrow beam, the light 
should be diffused by some suitable 
arrangement before it reaches the 
photocell, unless exceptional rigidity 
of the whole system, and strict in- 
variability of the outline and relative 
distribution of the patch of light on 
the cathode, can be ensured. 

These, then, are the considerations 
which arise in using the emission 
photocell for photometry. All the 
fundamental problems, such _ as 
linearity of scale and colour-correc- 
tion, concern the cell, and not the 
electrical equipment with which it is 
used. In brief, the current which the 
cell delivers to the external circuit 
must, so far as possible, bear a cer- 
tain relation to the intensity and 
quality of the incident light. It is 
purposeless to ensure this, however, 
unless the electrical circuit employed, 
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and the way in which it is used, 
furnish precise measurements of this 
current, and do not contravene the 
conditions necessary for proper use of 
the cell. We shall now, therefore, 
consider the electrical circuits used 
in emission cell photometers, and 
their modes of operation. 


1V. Photometer Circuits for Emission 
Photocells 

The amount of light available in 
most photometric work is such that 
with an emission cell the photo- 
current is too small to be measured 
with a galvanometer. Generally, it 
is of the order of one hundredth of a 
microampere, and in certain applica- 
tions may be very much smaller. The 
earliest methods of measuring such 
small currents employed electro- 
static instruments, such as the elec- 
troscope or the quadrant electro- 
meter. The quadrant electrometer 
may be used in two ways. In the first, 
the integrating method, the photo- 
current is allowed to charge up the 
insulated pair of quadrants. The rate 
at which the potential of these quad- 
rants changes is then proportional to 
the rate at which they acquire an 
electric charge—i.e., to the magnitude 
of the photocurrent. This rate is in- 
dicated by the rate at which the in- 
dication of the instrument changes, 
or by the inverse of the time taken for 
the indication to change from one 
given scale point to another. In the 
other, the direct-reading method, the 
photocurrent flows through a very 
high resistance and the electrometer 
is used to measure the potential fall 
across the resistance, this fall being 
proportional to the photocurrent. 
These are, of course, laboratory 
methods. They are applicable to the 
emission cell because its electrical 
characteristics are such that the small 
potential drop introduced into the 
cell circuit by the measuring system 
(e.g., the fall across the high resis- 
tance in the latter method) does not 
seriously reduce the current from the 
cell, except when the cell is a gas- 
filled one operated near its critical 
voltage. We shall see in the next 
section that in the modern method 
this principle can be applied in such 
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a way that this change in voltage on 
the cell is avoided altogether. 

In principle, almost every modem 
emission cell photometer is based on 
one or other of these two meth 
but instead of the quadrant electro. 
meter, thermionic valve amplifiers 
are generally used. It will fully serve 
the present purpose, therefore, to de 
scribe a typical circuit for each 
method, paying only such attention to 
detail as is necessary for the proper 
understanding and use of the photo 
meter. We shall consider the more 
= used direct-reading method 

rst. 


1. THe DrIRecT-READING PHOTOMETER 
(19, 22, 23, 24, 25, 26) 


(a) Principles and Method of Use. 
The direct reading photometer com- 
prises the elements shown in Fig. 1. 
C is the photocell, connected in series 
with battery B and high resistance 
R, while at P connection is made to 
the potential terminals of a calibrated 
potentiometer whose resistance is 
negligible compared with R. A isa 





U 
a) Cc 


D.C. valve amplifier or detector of 
small differences of potential, used as 
a null-point indicator. The procedure 
of operation is as follows. With C 
in the dark, and the dials of P at zero, 
the indication of A is noted. ThenC 
is exposed to the light to be mea 
sured, and a setting of P is made s0 
that the reading of A returns to its 
first value. Since the reading of A 
is made the same in the two cases, the 
net change in the voltage applied to its 
input is zero. That is to say, the volt- 
age drop due to the photocurrent 
flowing through R has n exactly 
balanced out by the voltage injected 
(in the reverse sense, of course) at P. 
If P is the reading of P, and the photo 
current is i, then using the proper 
units P = iR, and, R being constant, 
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P is a measure of the photocurrent. 
We need not know the absolute value 
of R accurately since the photometric 
operations are concerned only with 
values relative to some standard cali- 
bration. The equation shows, how- 
ever, that if it were required for in- 
stance to measure a photocurrent of 
108 amp. we should use a resistor of 
nominal value 10° ohms in order to 
get a voltage drop of about 1 volt 
which can be balanced and measured 
conveniently with an ordinary poten- 
tiometer. If at the same time we 
require the precision of setting to be 
+ 1%, then A must be capable of 
indicating an out-of-balance voltage 
of 1% of 1 volt, ie., 0.01 volt. Once 
the design of A is settled, its sensi- 
tivity is decided. This sensitivity 
corresponds to a fixed increment in 
the photometer reading (e.g. the 0.01 
volt just taken as an example) and 
not a fixed percentage of the reading. 
So that the precision of setting, as a 
percentage, is inversely proportional 
to the reading. It is therefore useful 
to provide means for changing the 
value of R, and thereby the range of 
the photometer. In this way it can be 
arranged that for any series of mea- 
surements the actual voltages deve- 
loped in R can be made high enough, 
even if the light available is small, 
to avoid too low a precision. In prac- 
tice this means that R should be 
chosen so that the readings fall nicely 
in the middle or upper portions of 
the 2-volt range of P, and that the 
fixed sensitivity of A should be 
sufficiently high to give the de. 
sired precision for readings in this 
range of values. If, however, ex- 
tremely small intensities have some- 
times to be measured, the very high 
value of R required may necessitate 
permanent enclosure of this resistor 
(see below), in which case a suffi- 
ciently high value is chosen once 
for all. Higher intensities are then 
reduced by neutral filters or other 
such means to bring their readings 
within the (now) fixed range of the 
photometer. 
; precision of the photometer 
is tested by noting the indication of 
A for a small known out-of-balance 
Increment in P. This is a convenient 
way of checking from time to time 
the performance of A. 

It might be thought simpler to 


dispense with P and use the indica- 
tion of A to measure the voltage 
drop across R. However, we should 
then be dependent on other trouble- 
some factors, principally the con- 
stancy of the amplification factor of A 
over a whole series of measurements. 
The null-method just described only 
requires the “zero-point” of A to be 
steady over the short time taken 
in adjusting P for each separate read- 
ing. In practice this zero stability is 
almost as important as obtaining a 
high sensitivity, as the two tend to be 
mutually exclusive, so that special 
valves or circuits, e.g., the Wynn-Wil- 
liams bridge (7?) 7°) are commonly 
used to reduce the effect of drift in 
the voltages of the supply batteries. 
Another advantage of the null-method 
is that the cell C always operates at 
exactly the constant voltage imposed 
by battery B, whereas if P were 
omitted, a back E.M.F. due to the pre- 
sence of R in the circuit and propor- 
tional to the photocurrent would re- 
main uncompensated. This might be 
particularly troublesome if C were a 
gasfilled cell whose sensitivity would 
vary with the voltage applied to its 
terminals. 


(b) Working Hints and Precautions. 

The essential elements of the circuit 
just described are, apart from the 
photocell, the components P and R. 
P may be a standard type of poten- 
tiometer of good quality. The con- 
stancy of calibration depends also on 
the constancy of R. In the first place 
we note that most non-metallic re- 
sistors of the type commonly used 
have a negative temperature coeffi- 
cient of resistance of about —0.2% per 
degree Centigrade. Freedom from 
dampness is important in order to 
maintain the constancy of R, espe- 
cially if R is of high value. It is also 
important to keep dry all the units 
connected to the grid-input lead of A, 
in order to minimise variable leakages 
and consequent unsteadiness. For 
many purposes it is sufficient to house 
C, R and the input valve of A in an 
air-tight case (forming a convenient 
“ photometer head”) containing a dry- 
ing agent. A wire gauze container 
with silica gel is suitable and the gel 
is not deliquescent. An evacuated en- 
closure may be more satisfactory for 
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very high values of R (10'° ohms or 
higher). It is then a good plan to in- 
clude in the enclosure any fixed fila- 
ment, anode, or other resistors com- 
prised in A, so as to eliminate the 
variable cooling effects of convection 
currents of air. Constancy of filament 
current is of particular importance for 
stability. ; 

Again, if R be of very high value, 
the valve connected to it must be of 
the electrometer type with very 
highly insulated grid. The compara- 
tively poor grid insulation of the or- 
dinary valve may .provide a shunt 
path around R, which may possibly 
be of lower resistance than R. 

Electrostatic screening is generally 
necessary to reduce the effects of ex- 
traneous electrical disturbances. As 
a minimum precaution, the photo- 
meter head unit should be enclosed in 
an earthed metal case. Similar en- 
closure of the whole apparatus is 
usually necessary with photometers of 
high sensitivity, separate units being 
ae together with screened 
cable. 


A special precaution may be neces- 
sary when measuring light sources 
operated on A.C., especially when the 
intensity of the source undergoes a 
large cyclic variation, as with ordi- 
nary electric discharge and fluorescent 
lamps. The time constant of the 
input circuit of A must be long 
enough to ensure that the resulting 
pulses of photocurrent are effectively 
“smoothed ” and flow away as an ap- 
proximately steady current through 
R. If they do not, a ripple will be im- 
posed on the input circuit of A. and if 
it is large enough an error in the null 
indication may arise from non-linear 
characteristics of this: amplifier. In 
general R should be not less than 100 
or 200 megohms when the lamp supply 
is of 50 cycles/sec. Alternatively, 
lower values of R may be used, and 
the time constant increased by adding 
to the inherent capacity of the grid 
circuit, using an auxiliary condenser 
of good quality connected as shown by 
the dotted lines (Fig. 1). The lowest 
value of the capacity permissible in a 
given instance may be estimated from 
the data applicable (*’). 

Well-made joints in the wiring and 


in the battery connections are of great 
importance, and so is battery main. 
tenance. It is of advantage to give 
amplifier filament cells a partial dis. 
charge after each recharge or before 
use. 

It is usual to avoid an awkward 
conversion factor for converting 
photometer readings to lumens or 
candlepower by_ suitably reducing 
the current in P. For example, if 
calibration is being effected with a 
lamp of 1,203 lumens, the dials of P 
are set at a reading of 1.203 and the 
current in its windings reduced with 
a variable resistance until a balance 
is obtained at that reading. Subse. 
quent readings on test lamps mea- 
sured on the same occasion are then 
simply multiplied by 1,000 to give 
lumens. The addition of a _ milli- 
ammeter to read the potentiometer 
current provides a simple means 
of “monitoring” the overall con- 
stancy of the apparatus. For, if 
the sphere paint gets dirty, or the 
photocell becomes less sensitive, the 
hotocurrent for the given standard 
amp falls, the voltage required to 
balance it likewise falls, and with it 
the corresponding potentiometer cur- 
rent as shown by the milliammeter. 
Routine records of the milliammeter 
readings over a_ period of weeks 
or months thus provide a runni 
check on performance. Individu 
readings immediately reveal any 
gross oversight in the set-up. Of 
course, the method will not dis 
criminate between deterioration of 
the photometer and deterioration of 
the standard lamp. 


2. THE CURRENT-INTEGRATING 
PHOTOMETER. 

(a) Principles and Method of Use. 

The integrating circuit or method 
can be used with valve circuits only 
when the grid current of the valve to 
which the photocell is connected is 
small compared with the photo-cur- 
rent to be measured. because the grid 
current is integrated along with the 
photocurrent. The best type of valve 
to use is therefore an electrometer 
valve—the triode for a simple single- 
valve circuit, or the tetrode if further 
valve amplification is required (*). 
The triode circuit meets practically 
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all photometric requirements. It is 
shown in Fig. 2. 
The photocell C is in series with 
battery B and condenser X. A steady 
hotocurrent from C will charge: up 
at a-steady rate, the changing 
potential difference across X being 








applied to the grid of the electro- 


meter valve A, and indicated by 
a progressively changing reading 
of the microammeter M in _ the 


plate circuit. Provided the battery 
supplies to A _ are stable, any 
given reading of M corresponds to 
a definite voltage across X. Thus 
in principle we measure a photo- 
current as the inverse of the time 
taken for the pointer of M to travel 
from one chosen reading to another, 
ie. for X to receive a definite fixed 
charge via the photocell. 

In practice, a charge may accumu- 
late on X for two reasons other than 
the photocurrent. One is the dark cur- 
rent of C plus any insulation leak- 
ages. The other is the grid current 
of A. In many cases these may be 
insignificant compared with the 
photocurrent, and in order to take 
a photometric reading we have 
then only to time the traverse of M 
from a reading M, microamperes to a 
reading M,, and take the reciprocal 
of this time (i.e., the rate). If, how- 
ever, the photocurrent is small, and 
comparable with the other factors 
mentioned, two timings are neces- 
sary, one with the cell in the dark, 
and the other with the cell illu- 
minated. The same scale _ interval 
M, to M, is used in all cases. Thus if 
T, and T are the respective times, 
the photometric reading is 

1 l 

T Ty P 
that is, the difference between the 
“dark” rate and the total rate. 

The precision of the instrument, 
apart from the question of accu- 


rate time measurements, depends 
upon the relative magnitudes of 
the “light” rate and the “dark” 


rate, and on the constancy of the latter. 
It is best estimated by actual trial. 
For instance, if T = 10 sec. and T, 
= 100 sec., while T,, is found to vary 
by not more than + 10 sec. over the 
period of the measurements, then the 
photometric reading is 


: *) 
(j oe 


= 0.1 — (0.01 + 0.001) approx., or 
0.09 + 0.001. The uncertainty of 
+ 10% in the dark rate corresponds, 
then, to an uncertainty of only 1 part 
in 90 in the photometric result. It is 
seen that a large dark current in C 
will shorten T, and thus make T,, 
more nearly comparable with T. In the 
extreme, when the dark current is large 
compared with the photocurrent, T and 
T, approach equality and all preci- 
sion is lost. In practice it is well 
to have T, not less than 10T when- 
ever possible. The choice of photo- 
cell must be therefore made with due 
regard to the desirability of keeping 
the dark current small. Cells with a 
farge thermionic dark current will 
therefore be avoided if small photo- 
currents are to be measured. 


(b) Working Hints and Precautions. 


_ The following considerations apply 
in the regular use of the instrument. 
In the first place all connections to the 
grid of A must be insulated as well 
as possible. Therefore X should be 
an air condenser for preference, while 
the cell should be so connected that 
its more highly insulated electrode 
(usually the cathode) is joined to X 
and to the grid of A. The cell, valve, 
and condenser should be enclosed in a 
sealed metal box containing some 
dried silica gel. The sensitivity of the 
instrument will be _ higher’ the 
smaller the capacity of X, but there 
is no point in reducing this capacity 
below such a value that the dark rate 
becomes easily measurable in not too 
long atime. The condenser may con- 
veniently be variable for altering the 
sensitivity to suit requirements. The 
sensitivity should never be so high 
that the time T is shortened to such 
a degree that the dynamic characteris- 
tics of M (e.g., damping) can come ap- 
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preciably into play. This point 
arises from the fact that, although the 
scale of M may be linear, the valve 
characteristic is not, and therefore the 
moving parts of M will not be 
rotating at constant angular velocity 
throughout the timing interval. Again, 
on account of the curvature of the 
valve characteristic, especially at 
low values of plate current, it is ad- 
visable to choose the interval M, to 
M, in the range of plate current 
above about 60 microamperes (with 
the usual type of electrometer triode). 
Care must be taken, on the other 
hand, that the interval chosen is below 
the value corresponding to a grid 
potential of zero with respect to nega- 
tive filament; otherwise large positive 
grid currents flowing into X will 
vitiate the readings. 

To reset the instrument ready for 
a reading, the grid lead of A may be 
touched momentarily by a conductor 
maintained at a suitable negative 
potential with respect to the filament. 
A much more convenient method in 
practice is to reverse battery B and 
illuminate C. Any-photocell will give 
sufficient emission in the reverse 
sense, with sufficient light, to bring 
the reading of M quickly below the 
starting point M,. If the desired set- 
ting is overreached, then B is again 
connected in the correct sense and C 
illuminated just sufficiently to bring 
the reading of M up to the desired 
point. 

The constancy of the calibration and 
general steadiness over a period of 
time depend mainly on the steadi- 
ness of the plate and filament bat- 
teries. Ageing of the electrometer 
valve is a very minor consideration. 
The calibration is almost independent 
of the plate supply voltage within 
fairly wide limits, because variation 
of this voltage barely alters the shape 
of the (grid-volts, plate current) 
characteristic curve, but moves the 
curve bodily parallel to the grid-volts 
axis. A given interval M, to M, in 
plate current then always corresponds 
to the same difference of grid poten- 
tial, or of voltage across X. The fila- 
ment supply should, on the other 
hand, be maintained as constant as 
possible i.e.,within, say, +3 per cent. of 
the nominal voltage. Lead-acid cells, 
which need not be of large capacity 


since the valve consumption is small, 
must be used. 

This form of photometer is so simple 
and robust, and requires so few com. 
ponents, that it may be made quite 
portable. Its useful sensitivity is 
limited by the existence of grid-cur- 
rent from the valve and dark current 
from the cell, but is very much higher 
than that of any other type of port- 
able photometer of comparable com- 
pactness. For these reasons the dis. 
advantage of a timing procedure igs 
not considered a serious one. 

Lastly, since this photometer really 
measures a steady illumination in 
terms of exposure, it can equally well 
be used to measure the time-integral 
of a varying illumination, e.g., a flash 
from a photoflash bulb. This integral 
corresponds to the total charge com- 
municated to X, which is measurable 
in terms of two static readings of M, 
one made before exposure to the flash, 
the other afterwards. Calibration for 
applications of this kind involves 
calibration of the useful scale-range 
of M (e.g., 40—240 microamperes) 
throughout in terms of exposure 
values—e.g., foot-candle seconds in- 
cident on the photometer. 


Vv. The Use of Selenium Rectifier 
Cells in Photometry 


1. GENERAL FEATURES (°°) *% 32), 


The selenium rectifier photocell 
consists of a sandwich of selenium 
between a metal base: plate and a very 
thin film of a noble metal. Light in- 
cident, through the thin film, upon 
the selenium, causes a photoelectric 
emission in the upper surface of the 
selenium, which will maintain a flow 
of current through an external cir- 
cuit connected between the base-plate 
and the thin film. No outside source 
of electrical energy is used, the cell 
itself converting the radiant energy 
into electrical energy. The sensi- 
tivity is usually about 300-500 micro- 
amperes per lumen for light from a 
tungsten lamp. Included in the cir- 
cuit through which the current must 
flow are the selenium layer and the 
metal film. The former has not the 
well-defined electrical properties of a 
metallic conductor, while the latter 
must necessarily be very thin in order 
to transmit as much light as possible 
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(probably more than 50 per cent. in 
practice). The resistance of the film 
may, in consequence, be as high as 


100 ohms per square centimetre, or’ 


more. hese are unusual forms of 
conductor, and it is not therefore sur- 
prising that the rectifier cell is not 
such a reliable instrument as the 
emission cell. It is, however, very 
compact and convenient to use, no 
batteries being necessary.. A further 
eneral feature of selenium rectifier 
cells is that their spectral sensitivity 
is of one fairly well defined type. 
Cells made by different processes 
show certain systematic differences, 
and cells made in the same way vary 
amongst themselves, but all these dif- 
ferences are barely larger than are 
met with in a group of emission cells 
all nominally of the same type. There 
is as yet no wide choice of spectral 
sensitivity, as with emission cells. For- 
tunately, the curve for the selenium 
cell is well suited to photometric 
uses. It is not improbable, however, 
that cells with other types of spectral 
sensitivity may eventually appear on 
the market. Further reference to 
spectral sensitivity is made below. 


2. STaBILITY AND LIFE. 


Selenium cells preserve their pro- 
perties generally unchanged over 
periods of some years if they are well 
treated. It is not yet certain whether 
eventual changes in characteristics 
result from age itself or from the 
amount of use that the cell gets. In 
this sense, stability and life are pos- 
sibly not to be differentiated. It is 
certain that good cells will survive 
being exposed to an illumination of 
several hundred foot-candles, while in 
circuit, for a thousand hours or more 
without showing a permanent change 
in sensitivity of more than a few per 
cent. 

In practice changes are liable to 
take place most often as a result of 
easily avoidable causes. Although 
commercial cells are lacquered on the 
sensitive side, dampness should be 
avoided. Few lacquers are com- 
pletely impervious to moisture, which 
ils certainly deleterious if it reaches 
the sensitive layer. Scratches which 
cut the lacquer, therefore, or which 
damage the layer, should be avoided. 
The contact ring or strip on the sur- 


face of the cell should not be called 
on to withstand unnecessary pressure, 
nor should attempts be made to solder 
leads to it. Exposure to tempera- 
tures thigher than about 40° C. 
should be avoided, though damage 
may not necessarily result at this 
temperature. Overloading a cell by 
exposing it to very bright light while 
it is connected to a low-resistance cir- 
cuit may cause damage through the 
burning out of the thin metal film by 
the large current generated. Such 


exposure is not known to be harmful 


if the cell is not in circuit, so that 
no current is drawn from it. As we 
shall see from the remarks on fatigue 
in the next section, measurements 
made to check the stability of a cell 
should be conducted under carefully 
controlled conditions. 


3. LINEARITY AND FATIGUE. 


The physical theory of the action of 
the rectifier cell is neither simple noi 
in all respects complete. A simple 
picture which describes the properties 
of the cell tolerably well can, how- 
ever, be given. Let us suppose that 
the primary emission current from 
the sensitive layer is strictly propor- 
tional to the intensity of the illumina- 
tion, but that some of this current is 
lost by back-leakage in the cell itself 
and does not appear in the external 
circuit. Let us also suppose that the 
amount of current so lost depends on 
the back-E.M.F. which may exist be- 
tween the thin metal upper electrode 
and the selenium surface immediately 
beneath it, and which will result from 
the passage of current through the re- 
sistances in the circuit. If now we 
postulate that the back-leakage is not 
proportional to this back-E.M.F., but 
grows more rapidly, it follows that the 
higher the current the cell is called 
on to furnish the higher is the back- 
E.M.F. and the greater is the fraction 
of the primary current lost by internal 
leakage. The current available in 
the external circuit does not then bear 
a linear relation to the intensity of 
the incident light. (unless the circuit 
resistance, and therefore the back- 
E.M.F. for any current, is zero). 
Finally, let us suppose that very 
rapid increase of back-leakage occurs 
when the value of the back-E.M.F. ex- 
ceeds about 0.1 volt, while at some 
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higher value the leakage results in an 
almost complete internal short-cir- 
cuit. This higher value would corre- 
spond to the open circuit voltage of 
the cell under intense illumination. 
According to this picture we see 
that for a fixed circuit resistance, as 
the illumination on the cell is in- 
creased, the current generated grows 
and so the back E.M.F’. grows, but the 
back-leakage grows more rapidly and 
so distorts the characteristic from the 
linear form. The higher the circuit 
resistance, the higher will be the 
values of back E.M.F. generated, over 
the same range of illumination, and 
so the greater will be the distortion 
of the characteristic. Similarly, for 
fixed circuit conditions, the higher the 
illumination used, the greater will be 
the distortion. Even if the cell is 
short circuited, externally, the re- 
sistances of the selenium and of the 
metal film have still to be traversed 
by the current, and so the current in 
the external circuit is never strictly 
proportional to the illumination. All 
these features suggested by our pic- 
ture are substantiated in practice. 


It is never possible to secure a 
strictly linear characteristic. The 
nearest approach to it is obtained 


when the circuit resistance is zero, and 
the departure from it increases with 
circuit resistance and with illumina- 
tion (5% 55. 54), Generally speaking, 
when a cell of average size, say a 
circular cell of 45 mm. diameter, is 
used on short circuit, the departure 
may be several parts per cent. over the 


range 10-100 microamperes in 
current output. This error is not 
much increased in this current 
range by introducing an external 


resistance not greater than a few 
hundred ohms. On open circuit, the 
cell characteristic is far from linear, 
and the voltage developed approaches 
_a limiting value at high illumina- 
tions. This value may be about 0.5 
volt and depends on how the cell is 
made. 

The selenium rectifier cell also ex- 
hibits fatigue which varies a good 
deal from cell to cell (54 55, 56, 57), 
For white light, at very low illumina- 
tions, the current output often drifts 
upwards slightly during exposure. At 
illuminations above a fraction of a 
foot-candle, however, the drift is 
almost always downward. It may not 


be complete until after several hours 
of exposure, but the larger part 
occurs within about ten minutes. Re 
covery is slow and may not be com. 
plete until the cell has been in the 
dark for twenty-four hours (57). For 
the downward type of drift usually 
observed, the percentage difference 
between the initial and the final out- 
puts is greater the higher the illy. 
mination, and depends also on the cir. 
cuit resistance. The amount of drift 
under average conditions may be as 
much as 5 per cent. when the cell has 
previously been in the dark for some 
hours. 

It is difficult to separate the effects 
of fatigue, and departures from line. 
arity, so as to determine either 
accurately. 

The voltage developed on open cir- 
cuit is subject to much greater uncer- 
tainties, and the use of cells in the 
open circuit condition, or in voltage 
opposition to one another, is not re- 
commended. 

Experiments with monochromatic 
light on many cells at the National 
Physical Laboratory have shown that 
far larger fatigue is observed for 
wavelengths in the region 6,700A to 
7,800A than for other parts of the 
spectrum. In this region, the drift is 
downward, and of maximum amount 
at about 6,800A. At this wavelength, 
at outputs of only 1 or 2 microamperes 
with short-circuit conditions, the read- 
ing may drop some 10 per cent. ina 
few minutes. Exposure of the cell to 
average daylight for a few seconds 
on open circuit will still further re- 
duce this reading by another 10-15 per 
cent., subsequent recovery _ being 
fairly rapid. On the short wavelength 
side of 6,700A the drift at these low 
current outputs is comparatively very 
small. The fatigue effect for white 
light is thus presumably the integral 
of the varying degrees of fatigue 
throughout the spectrum, and is prob- 
ably equivalent to a rather marked 
change in spectral sensitivity. The 
investigation of this spectral effect 
is as yet incomplete. 

The selenium rectifier cell is thus 
by no means a precise measuring In- 
strument, and its characteristics de- 
vend upon_the circuit in whi 
it is used. Fulfilment of certain con- 
ditions can minimise the possible 
errors, as we have seen, but careful 
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tests to assess their amount are often 
advisable. 
4. Size or CELL. 


Where the closest approach to a 
linear scale is desirable it is wise to 
choose the smallest cell which will 
give currents large enough to be pro- 
perly measured at the given illumina- 
tions. For then, the current being as 
low as is tolerable, the back-E.M.F. 
on the cell due to the existing circuit 
resistance will be as low as possible. 
Moreover, the larger the cell used at 
a given illumination, the larger will 
be the current output and the larger 
the volt-drop in the metal film on the 
cell itself. With cells above a certain 
size, depending on the value of the 
illumination, this volt-drop or back- 
EMF. will, over a certain area of the 
cell (the central portion, for instance, 
of a circular cell), be large enough 
seriously to reduce the current output 
from this area. The larger sizes of 
cell are thus useful not so much for 
obtaining the largest current possible 
at high or even average levels of illu- 
mination, as for obtaining sufficient 
current to measure when ‘the illu- 
mination is very small. 

When the area which can be illumi- 
nated is limited it is best in any case 
not to use a cell larger than this area, 
so that the whole surface of the cell 
may be illuminated and the uncertain 
shunting effect of unilluminated cell- 
surface avoided. 


5. SURFACE VARIATIONS IN SENSITIVITY. 


When the quantity to be measured 
is not the illumination, but the quan- 
tity of light (or “ flux”) in a well- 
defined beam, the whole beam must, 
of course, fall within the sensitive 
area of the cell. It is then important 
to keep the location of the illuminated 
area of the cell fixed, for the sensi- 
tivity is seldom quite uniform over 
the surface of the cell (°°: **). Fora 
given size of beam it is preferable 
for the cell to be only just large 
enough to receive the whole beam. If 
the beam is intense enough to per- 
mit of it, the best arrangement is to 
allow the beam to fall on a _ trans- 
lucent diffuser such as opal glass, and 
measure the illumination at a fixed 
distance of a few centimetres behind 


it. The light can then be fairly 
evenly spread over the whole surface 
of the cell. The diffuser and the cell 
should be mounted together as a 
single rigid unit. 


6. SPECTRAL SENSITIVITY. 


Nearly all selenium rectifier cells 
now on the market have the same 
type of spectral sensitivity curve, not 
unlike the luminosity curve for the 
average eye, though the curve for the 
cell extends further at both ends 
of the spectrum (*°). The sensitivity 
is highest at about 5,500A. and falls 
on either side to 50 per cent. of the 
maximum at about 4,000A, and 
6400A. In the red the cut-off 
is not very definite and there is 
some sensitivity well into the infra- 
red. This may result in errors in cer- 
tain kinds of measurement if it is 
overlooked. (Individual cells show 
appreciable differences in spectral 
sensitivity within the same general 


type. 

The Weston Photronic Cell Type I. 
has a spectral sensitivity curve some- 
what different from the above (*). 
Its shape is much the same, but the 
maximum lies at  5,900A. The 
Photronic Type II. cell is of the more 
usual class described above. 

The Emby cell is of a type inter- 
mediate between the two types of 
Weston cell. 

It is probable that all cells of the 
common class are made from purified 
selenium. The influence of other in- 
gredients on the spectral sensitivity 
has been noted in the literature 
(42, 48, 44). Tellurium may be added 
to increase the red sensitivity and 
therefore also the total sensitivity to 
light from tungsten sources, but this 
is of no advantage in photometry, be- 
cause the cell is thereby made 
markedly different from the average 
eye in spectral qualities. It appears 
that the character of the thin upper 
electrode has no major influence on 
the spectral sensitivity, no doubt be- 
cause it is so thin, and therefore not 
highly selective in any case. 


7. CORRECTION FILTERS AND FACTORS. 


The errors likely to arise from the 
use of the selenium rectifier cell with- 
out a filter for the photometry of 
tungsten lamps over a limited range 
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of colour temperature are not large. 
If a curve is plotted of the ratio 


photoelectric “ luminosity ” 
visual luminosity 


colour temperature of the source it 
is found that the ratio has a minimum 
value at a colour temperature which, 
for most cells, is within the range 
2,500°K to 3,000°K. If the cell is stan- 
dardised against a tungsten lamp at 
this particular colour temperature, 
the error in using it to measure a 
lamp at any other colour temperature 
is thus always positive. The curve is 
a fairly flat one and the error will be 
less than a few per cent. within 
200°K or so on either side of the mini- 
mum point, and only becomes rapidly 
greater for colour temperatures well 
outside this range. It is thus seen 
that a cell standardised against a nor- 
mal tungsten source will “ read high” 
either with daylight or with a car- 
bon filament lamp. The appropriate 
correction factors for different types 
of source vary a good deal from 
cell to cell, especially for highly 
selective sources. Some approximate 
values, based mainly on the literature 
(*. #6. 47) are tabulated below. These 
are adjusted to refer to calibration 
against tungsten at 2,848°K. 





against 


Multiple readings by 


Type of Source —Photronic I. Other Cells 


Tungsten 3,000° K.. 1.01 0.97 
Carbon filament ... 0.92 0.90 
Incandescent gas 

RD: 0,4 Sewtvteons 1.14 1.03 
Daylight (overcast) 0.90 0.70 
Mercury 400 - W. 

BEET ST) eek cachnssnaeas 1.40 1.07 
Mercury-fluorescent 

tet hae en — 0.90 
Sodium vapour...... 1.35 1.20 


A number of different filters have 
been proposed for use as correction 
or compensating filters for securing 
“standard eye” results’. directly. 
None of these can be assumed to suit 
every cell of a given type, and their 
comparative merits have not been the 
subject of extended trial, except in 
the case of the Viscor filter specially 
designed to suit the Photronic Type I. 
cell. Of these filters the following 
deserve mention, but for further de- 
tails the references must be consulted. 


The first filter has the merit of being 
adjustable. 


I. (4) 5 mm. thickness of an 
aqueous. solution con. 
taining 10 per cent 
CuSO, and 0.2 t 
0.4 per cent. K,Cr,0.. 

Schott glasses “GGIO 
(2mm) + BG9 (3mm), 

Schott glasses VG2 (1mm) 
and OG1 (lmm), each 
covering only part of 
the cell. 

Gelatine film containing 
Naphthol Green 0.287 
g/sq. metre. 

Naphthol Orange 0.038 
g/sq. metre. 
Tartrazin 
metre. 

Schott glasses 
GG10 (2mm) + BGi 
(10mm); or OG4 (2mm) 
+ BG18 (1mm). 

, These are quoted as 
being suited to the 
Photronic cell. 

The’ Viscor filter made 
commercially for the 
Photronic I. cell. 


(ES ae eee 


sae. H2°): 8: 


0.268 g/sq, 


¥. (0) **)),. 


2 SN Gas eee 


8. TEMPERATURE COEFFICIENT. 


When a correction filter is used, its 
temperature coefficient of transmis 
sion must be taken into account in 
the coefficient for the whole photo 
meter. The coefficient for the filter 
will depend on the kind of filter used, 
but an average figure is —0.2 per cent. 
per degree Centigrade. For the cell 
itself it is impossible to give an exact 
figure, because the coefficient is de 
pendent on the resistance of the ex 
ternal circuit and on the illumination 
level (°° °*). In nearly all cases it 
will be within the range of +1.5 per 
cent. per degree Centigrade, and most 
probably the figure will be about 
—0.3 for average practical purposes. 
The coefficient for the instrument 
used to measure the cell output must 
also be included. That of a_ good 
microammeter will be negligible. If 
the Campbell-Freeth circuit (see 
below) is used, however, the tempera 
ture coefficient of the resistor in this 
circuit must not be forgotten. It 
be negligible if the resistor be wire 
wound, but if a graphitic type of re 
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sistor be used the coefficient will be 
about -0.2 per cent. per degree Centi- 
grade. Thus for the whole photo- 
meter the temperature coefficient will 
generally be between -0.3 and -0.7 
per cent. per degree Centigrade, the 
precise value in a given case depend- 
ing on the apparatus used. 

We now turn to the use of rectifier 
cells in certain specific applications. 
The first is the measurement of 
illumination. 


9. RESPONSE TO OBLIQUELY INCIDENT 
LIGHT. 

The output of the ordinary rectifier 
cell falls off more rapidly than the 
cosine of the angle of incidence, as 
the cell is rotated to positions more 
and more oblique to the incident light 
(assumed to come from one direction 
only). The defect in the readings ob- 
tained with specially made cells, 
having nearly optically flat sensitive 
surfaces, and coated with a glossy 
lacquer, has been shown to be almost 
exactly attributable to the increasing 


fraction of the light reflected by the . 


lacquer surface (°°). The behaviour 
of commercial cells with a_ glossy 
lacquer is very similar. It results in 
low readings under oblique illumina- 
tion, and incorrect evaluation of the 
illumination from an_ extended 
source, such as the sky. For uniform 
hemispherical illumination the error, 
if the cell is calibrated with normally 
incident light, is about 8 to 10 per 
cent. For directional illumination at 
an angle of incidence of 70°, with the 
same calibration, the error is about 
18 per cent., and increases rapidly for 
larger angles of incidence. The use 
of a matt lacquer gives some im- 
provement, especially for directional 
illumination at large angles of inci- 
dence. This expedient is hardly 
worth while, however, because where 
such large angles are involved, as in 
measuring the illumination on a road 
surface due to distant lamps, it is 
better to place the cell normal to the 
light (dealing with each light-source 
Separately if there are several of 
them) and multiply the reading so 
obtained by the cosine of the angle 
between the vertical and the direc- 
tion of the source. 

When a cell is to be used with 


oblique illumination it is, of course, 
very important that the cell mount- 
ing shall not project more than abso- 
lutely necessary in front of the plane 
of the cell surface. 

Numerous devices have been de- 
scribed for obtaining better “cosine 
response,” involving modifications or 
additions to the cell. Few of these are 
very convenient for general work 
(>? to 63), 

A complication arises when it is de- 
sired to use a rectifier cell for general 
illumination measurements with 
light sources of various spectral quali- 
ties. A filter is not then satisfactory 
for colour correction. In the first 
place, the reflection losses at the filter 
surfaces will vary with the angle of 
incidence, and so increase markedly 
errors of the kind just considered; 
and, in the second place, the thick- 
ness of filter traversed by the light 
will depend on the angle of incidence. 
An artifice is then adopted by which 
the instrument is made suitable for 
use with a limited number of types of 
light source. On the indicating in- 
strument the same scale serves for all 
these types of source, but a different 
instrument shunt is used for each, the 
shunt appropriate to a given case 
being selected by a selector switch. 
These shunts, in fact, apply the ap- 
propriate colour correction factors for 
the respective light-sources electri- 
cally, and their values have to be cal- 
culated or adjusted in accordance 
with these factors when the instru- 
ment is made. 


10. Use or Sector Disks AND MEASURE- 
MENT OF FLUCTUATING LIGHT SOURCES. 


Another special case, in the use of 
rectifier cells, is their employment 
for measuring fluctuating light 
sources, such as electric discharge 
lamps. or light interrupted by a sec- 
tor disk. There is very little informa- 
tion available on the behaviour, in 
these circumstances, of the cells or of 
the circuits used with them. It is cer- 
tain that when the indicating instru- 
ment is a microammeter, and the 
inertia and damping of the movement 
hold the indication steady, the read- 
ing will correspond strictly to the 
average value of the fluctuating 
direct current from the cell. This 


— 139 — 








J. S. 


average current. on the other hand, is 
certainly not determined by the 
mean illumination only. It depends 
on the resistance in circuit, of course, 
as for steady illumination, but for any 
given resistance it also depends on 
the frequency of interruption or fluc- 
tuation of the light. As the frequency 
is increased, the cell current approxi- 
mates more and more closely to the 
value it would take if the illumina- 
tion were of the same mean value, 
but steady in character. The fre- 
quency necessary to ensure a given 
degree of approximation is higher the 
higher the circuit resistance. 

This effect of frequency can easily 
be seen by using a cell of 45 mm. 
diameter in conjunction with a sector 
disk of 10 per cent. transmission (two 
sector openings), setting the cell cir- 
cuit resistance at 1,000 ohms and ad- 
justing the illumination to give a read- 
ing of, say, 10 to 20 microamperes, 
and then varying the speed of the disk 
over a moderate practical range. 

In the absence of more complete 
knowledge of this effect, it is possible 
simply to recommend the use of the 
lowest possible circuit resistance for 
measurements on discharge lamps 
(whose frequency is fixed), or with 
sector disks, and with the latter to 
keep the disk speed as high as pos- 
sible. 

Whether or not the output of a cell, 
in microampere-seconds, produced by 
a single flash of light is propor- 
tional to the flash intensity is also a 
matter which awaits further investi- 
gation. Ballistic methods of using 
rectifier cells have been the subject of 
only one careful investigation (5), 
and therefore little useful information 
is available for recapitulation here. 


VI. Photometer Circuits for Rectifier 
Cells 


It has been shown that the selenium 
rectifier photocell can only be used 
with reasonable accuracy as a photo- 
meter if the circuit resistance is kept 
low. In addition, the illumination, 
and therefore also the photocurrent, 
should not exceed what is necessary 
for the purpose in view. This in- 
volves a limitation of the voltage 
available across the circuit. In a typi- 
cal case, in which the circuit resist- 
ance is, say, 200 ohms, and the photo- 
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current 100 microamperes, the Voltage 
on the circuit is 20 millivolts. The 
order of accuracy ‘with which it jg 
possible to measure the current, usi 
a galvanometer, is very considerably 
higher than that with which it is pog 
sible to measure a voltage of 20 mY. 
using a D.C. valve amplifier or ther. 
mionic voltmeter. The limitations of 
the photocell thus rule out the use of 
valve amplification as an aid to sensi. 
tivity or precision. 


1. THE SrmpLeE LIGHT-METER. 

The simplest circuit comprises 
merely the cell and a galvanometer of 
suitable range and resistance. The 
limitations imposed on the meter re. 
sistance by considerations of linearity 
of scale have already been discussed, 
These limitations may be relaxed to 
some extent if no assumption is made 
as regards proportionality, and the 
light-meter as a whole is calibrated 
on a photometer bench. On the other 
hand the deliberate use of high circuit 
resistances to distort the output 
curve of the cell so as to obtain a 
logarithmic scale (as in some photo 
graphic exposure meters) militates 
greatly against prolonged stability of 
calibration. It is clear that any 
change which may take place in the 
cell, resulting in a change in the in- 
ternal cell-leakage-path in shunt with 
the meter, will have a more serious 
effect the higher the meter resistance. 
The use of shunts in illumination 
meters to provide for use with dif 
erent types of light source, has al 
ready been noticed. 

A point sometimes forgotten when 
using a cell with an_ uncalibrated 
galvanometer is that the angular de 
flexion of any but the very best mov- 
ing coil galvanometer is _ seldom 
strictly proportional to the current 
over any appreciable scale range. 
Errors then noticed may not always 
be due to the behaviour of the cell. 


2. THe CAMPBELL-FREETH CIRCUIT. 

With a suitable circuit it is possible 
to eliminate altogether the effect of 
resistance in the circuit external to 
the photocell. This is done by al 
ranging that the potential difference 
at the cell terminals is zero while the 
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current output is being measured. The 
circuit, which admits of various modi- 
fications in practice, is usually known 
as the Campbell-Freeth circuit (4, 65). 
The principle of the circuit is shown 
in Fig. 3. 

C is the photocell, G a _ sensitive 
galvanometer, R a resistor of fixed 


§ aoe E; 


Fig. 3 








value, and P a source of potential con- 
nected in such a manner as to “ help” 
the current round the circuit, not 
to oppose the voltage generated by 
the photocell. It is then possible, 
when the cell is exposed to a given 
illumination, to apply a potential dif- 
ference at P such that the galvano- 
meter G shows no deflexion. When 
this is so, the potential difference be- 
tween points X and Y in the circuit 
must be zero, and the conditions are 
equivalent to a short circuit, so far 
as the photocell is concerned. At the 
same time, since no .current flows 
through G, the whole of the photo- 
current i must be flowing through R 
and P, and in this loop of the circuit 
the condition P + iR = O must be 
satisfied, since the potential difference 
between X and is zero. Thus 
Pisa measure of the photocurrent. 
The instrument used at P may be an 
ordinary potentiometer used as a 
potential divider, provided only that 
the photocurrent which must flow 
through it is too small to cause appre- 
ciable errors in its scale indications. 
In practice this means that the in- 
ternal resistance of P must be small 
compared with R. The value of R is 
of course chosen to suit the range of 
P and the expected value of photo- 
current. If the current i is 10 micro- 
amperes, and is to be measured by the 
application of a potential difference 
of 1 volt at P, then the above equation 
shows that R should be 100,000 ohms. 
tead of a potentiometer at P, we 
may use an uncalibrated slide wire, or 
slider-resistance, with a voltmeter 
permanently connected across. the 


tapped portion, as shown to the right 
of the dotted connections in Fig. 3. 

In addition to securing short-circuit 
conditions on the photocell, this cir- 
cuit has also the advantage that the 
galvanometer G may be chosen solely 
on the grounds of its sensitivity. It 
is used as a null instrument, so that 
scale proportionality does not matter, 
and as it is not in circuit with the 
photocurrent a high resistance is no 
disadvantage. 

This is a very useful circuit since it 
dispenses with the sensitive galvano- 
meter as the current meter, and uses 
it simply as a null instrument, the 
measurements being made on an in- 
strument in which a linear and much 
more extended scale is readily avail- 
able. No matter how small or how 
large the photocurrent, the scale range 
is readily changed to suit the con- 
ditions by altering the value of R. The 
ultimate sensitivity is, however, deter 
mined by that of the galvanometer. 

The fact that the photocell operates 
under short-circuit conditions does 
not eliminate entirely such defects as 
departure from a linear characteristic, 
for as has already been pointed out, 
the effect of resistances such as that 
of the selenium layer and the upper 
metal film in the cell itself must still 
remain. 

The only precautions necessary in 
using this system are to ensure that 
any changes in ambient temperature 
are not such as to change the value of 
R appreciably, if a graphite resistor is 
used, and that the insulation of the 
system is good, especially when the 
photocurrents being measured are 
small, and G is of high sensitivity in 
consequence. 


3. THE DIVIDED. OR BALANCED CELL 
Circuit (**). 

A divided cell or double cell system 
is often used to indicate a balance be- 
tween two illuminations. For in- 
stance, two beams of light derived 
from the same light source pass, one 
through an absorbing medium whose 
density is to be measured, the other 
through a neutral or other type of 
wedge. Measurement of the unknown 
density is achieved by adjusting the 
wedge until a balance is obtained be- 
tween the outputs of two cells re- 
ceiving the light in the respective 
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beams. The advantage of this 
principle of operation is that fluctua- 
tions in the intensity of the light 
source are compensated. 

Sometimes a cell is used in which 
the sensitive surface has been divided 
by a fine cut across the centre line or 
diameter of the cell. A sensitive gal- 
vanometer is connected between the 
two halves of the upper surface, the 
circuit being comaleted by the com- 
mon base-plate of the cell. Such a 
system may be used to indicate, by 
null-deflexion, when a spot of light is 
centrally disposed across the dividin 
line of the cell, or to detect a smal 
movement from this position. 

Circuits of this type are shown in 
Fig. 4. 

In circuit (a) Fig. 4 two cells or two 
halves of the same divided cell are 


Fig. 4 





(Q) 


connected in opposition through the 
galvanometer G. Zero deflexion of G 
then indicates equality in the voltages 
developed by the two cells. The open- 
circuit voltage of the rectifier cell is, 
however, one of its most unstable 
features, so that the indications of this 
system are by no means so reliable as 
those of circuit (b). In this, the cir- 
cuit of each cell or half the same ceil 
is completed separately by means of 
a suitably low resistance R. gal- 
vanometer connected between the two 
upper cell electrodes then indicates a 
balance of current outputs from the 
two cells. If under the desired con- 
ditions the two cells give unequal 
currents, the galvanometer can still be 
made to give zero reading by connect- 
ing it to an appropriate tapping on the 
resistance carrying the greater cur- 
rent, as shown on the right hand re- 
sistance in the diagram. 

A simple circuit, which is as sen- 
sitive as (a) and also provides for 
operation of the cells under the ideal 
short-circuit condition, is shown in 
(c) Fig. 4. It cannot be used with 
a divided cell, however. Two sepa- 
rate cells are connected in series, with 
the galvanometer across the two con- 
necting links. When the galvano- 





meter reads zero, the voltage across 
the terminals of either cell must be 
zero (short-circuit condition), and 
also the currents generated by the 
two cells must be equal. There is one 
very minor drawback to this circuit, 
viz., that no electrical adjustment is 
possible (as it is in the case of cir. 
cuit (b)) in order to secure a null 
reading when the currents from the 
two cells are not equal. The currents 
must ‘of necessity be equal for a null 
reading, and appropriate adjustment 
of the light falling on the cells is thus 
required. 


Vii. Miscellaneous Applications and 
Methods 


It has been possible in this survey 
to describe the basic types only of 


(5) 
circuits used in photoelectric photo- 


(C) 


meters. Many elaborations of these 
have been devised. The object of 
some of these is to provide results in 
some form other than that of read- 
ings on a simple linear scale. In the 
photographic exposure meter a geo- 
metric relation between meter de 
flexion and illumination is often pre- 
ferred, the illumination being 
doubled for equal successive scale 
steps. In the daylight recorder means 
are provided for obtaining a continu- 
ous trace of the readings. A neon 
flasher circuit may be used to in- 
tegrate readings ‘over a_ period of 
time. This produces a series of elec- 
trical impulses whose frequency is 
proportional to the light intensity, 
and whose total number in a given 
time may be recorded by a counter. 


In another class of instrument the 
photocell is used as a comparator in 
order that its defects as a measuring 
instrument may not come into play. 
A good example is the rectifier cel 
photometer of MacGregor Morris 
and Stainsby (°2), in which a number 
of such defects are simultaneously 
disposed of. Finally, there is a large 
class of instruments in which ut 
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ysual circuits are used, exploiting to 
the full some special technique or 
component in order to satisfy some 
particular requirement (e.g., port- 
ability or high sensitivity) which can- 
not easily be met by simple means. 
This class of instrument is constantly 
being added to as new or improved 
components become available, such 
as the secondary emission or multi- 
plier photocell. Even a relatively 
simple factor, such as the availability 
of a non-deliquescent and easily re- 
generated drying agent like silica gel, 
can have considerable influence on 
instrument design. 

It is clear that such a field could not 
be covered in a single paper, but the 
following references are given to 
form a starting point for any more 
detailed exploration of the instru- 
mental side of the subject: 

(67) Emission cell spectrophoto- 

meter. 

(68, 69, 70) The Hardy Recording 
Spectrophotometer. 

(71, 72, 75) Colour - matching with 
emission cells. 

(4) High-sensitivity directly indi- 
cating photometer with emission 
cell. An _ interesting modern 
valve-circuit. 

(75, 76, 77) The rectifier cell as a 
photometer. Properties, _pre- 
cision, and accuracy. 

(78) Contains very extensive refer- 
ences to application to densito- 
metry. spectrophotometry, colori- 
metry, etc. 

(79) A full and critical review, to 
1934, of methods of densitometry. 

(80) Photometry. Survey of recent 
progress and useful references. 

(81) A very full review of physical 
photometry for the period 1935- 
1939, and almost complete refer- 
ences for that period. 

In conclusion, it may be of interest 
describe a photometer recently 

built for miscellaneous applications 
at the National Physical Laboratory. 
It illustrates many points considered 
in this paper. It may also serve as a 
simple introduction to the purely 


technical aspect, and to this end the 

essential details of design and opera- 

tion are given as briefly as possible. 
Vill. A Typical Emission Cell 
Photometer 


The requirements of this photo- 
meter were as high a sensitivity as 
possible without loss of accuracy or 
undue limitations on portability and 
adaptability. These considerations led 
to the choice of the principle ex- 
emplified in the circuit of Fig. 1 
and of a vacuum cell having 
good characteristics, though not a high 
sensitivity. The overall sensitivity 
was then made as high as possible by 
using a photocell coupling resistance 
of very high value, and a two-stage 
D.C. amplifier. High amplification 
was desired because it was necessary 
that a fairly insensitive portable gal- 
vanometer should be used as the in- 
dicating instrument in the output con- 
nections to the amplifier. 

The circuit is shown and the com- 
ponents listed in Fig. 5. In the input 
stage the high value of the resistor in 
the grid circuit made necessary the 
use of an electrometer valve, the 
tetrode being chosen to provide for 
resistance coupling to the second 
stage. In this stage the bridge- 
arrangement of two valves was used 
in order to give better stability and 
freedom from effects of drift in supply 
voltages. The use of the electro- 
meter valve in the first stage also 
simplifies the method of coupling be- 
tween the stages. Since the anode 
potential of the electrometer is rela- 
tively low, a direct anode-to-grid con- 
nection between the stages may be 
used without placing the whole of the 
second stage at some inconveniently 
high potential with respect to earth, 
as would be the case if the input 
valve were of the commoner class re- 
quiring a high tension supply of per- 
haps 150 volts. 

With the supply voltages shown, ad- 
justment and operation of the circuit 
is as follows. The appropriate stand- 
ing grid bias for the tetrode is deter- 
mined in the usual way by trial. The 
value of bias for which a small change 
in bias produces the maximum change 
in anode current is found. The stand- 
ing bias is then set to this value to the 
nearest 0.1 volt. In the circuit shown 
this bias was found to be —1.0 volt, 
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Osram electrometer tetrode 
Mullard P M | A triodes 
Osram photocell K M V 6 





10 ohm wire resistor 


wk - 


2,000 ohm shunt 
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150 volt dry battery 


approximately, with an anode current 
of 40 microamperes. The bias may 
conveniently be left permanently set 
on the first decade dials of P, the re- 
maining dials reading from 0.09 volt 
downwards being used for photo- 
metric readings. 

The appropriate grid voltage for 
operating the following triode valve 
(as determined from its characteristic 
curves) is set by connecting the triode 
filaments to the appropriate 2-volt cell 
in the anode supply to the tetrode, and 
then making a final adjustment by ad- 
justing the value of the } megohm 
(nominal) interstage coupling re- 
sistance. The output bridge is then 
finally balanced by adjusting the set- 
ting of the automatic bias on the other 
triode. It is to be noted that the fila- 
ment, grid, and anode resistors in the 
circuit of the tetrode are- included 
within the evacuated screening tube 
containing the photocell and tetrode, 
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Dubilier 10,000 megohm resistor 


Dubilier 250,000 ohm resistor 
Jubilier 50,000 ohm resistors 
500 ohm grid potentiometer, wirewound 


Tinsley portable galvanometer, 25mm. microamp., 300 ohms resistance 
Cambridge decade vernier potentiometer, reading to 0.1mV 


B=. 2 volt 20 ampere-hour lead-acid cells 
The remaining batteries in the supply to the electrometer anode 
consist of 2 volt lead-acid cells of 5 ampere-hour capacity. 


Fig. 5 


so as to ensure stable values of re 
sistance. 

In making a photometric measure 
ment, the output galvanometer is set 
to a suitable indication (not neces 
sarily zero) by adjusting the auto 
matic bias setting in the output 
bridge, the photocell being in dark 
ness. The cell is then exposed to the 
light, and the galvanometer indication 
brought back to its original setting 
yy setting the appropriate reading on 


This circuit has been found to k& 
quite satisfactory in operation and 
free from tendency to drift if the bat 
teries are partly discharged before 
use. The sensitivity of the amplifier 
is such that a voltage change of 
1 millivolt at the input, equivalent 
to a photocurrent of 10-35 ampere, 
produces a current of about 2 micro 
amperes in the output galvanometer. 
The photocurrent is thus amplified in 
the ratio of some 20 million to one, 
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and the overall sensitivity, with a 
photocell giving 2 microamperes/ 
jumen, is 40 amperes/lumen. Short- 
riod fluctuations are observed on the 
galvanometer, which, with the damp- 
ing provided, have a scale range of 
about 1/20 microampere. This figure 
therefore represents the amount of 
uncertainty, due to instability, in a 
single reading. It corresponds to the 
equivalent of about 2.1015 ampere in 
photocurrent, or 10-° lumen incident 
on the photocell. The instrument will 
thus measure, with a precision of + 
5%, 10% lumens, correspondng to an 
illumination on the photocell of 
about 2.10-6 ft.c. This limit would be 
increased to about 5.10°° ft.c. by the 
use of a correction filter on the cell. 


1X. Conclusion, 

In this survey of the application of 
photoelectric cells to photometry we 
have noticed their advantages over 
the thermal methods, and over the 
photographic plate. These include 
speed of operation, high precision (in 
most cases), and ready adaptability to 
very versatile requirements. The dif- 
ficulties which arise are of two kinds, 
namely, those connected with the 
particular scale to which the results 
must conform, and those connected 
more exclusively with the technical 
aspect. On the one hand, there are 
the problems of colour correction, 
“linearity” of scale, and measure- 
ment of diffuse illumination. On the 
other, there are the effects of tem- 
perature, moisture, mechanical ill- 
treatment, and so on. Together, these 


questions cover a fairly wide field ° 


with both scientific and technical 
aspects. These aspects are so closely 
bound up with each other in photo- 
electric oe | that considera- 
tion of one without the other is 
almost valueless where the practical 
am of obtaining accurate results is 
concerned. 

It has been thought worth while, 
therefore, to collate as much of the 
televant information as it seems pos- 
ible to include in a single paper. The 
principal omission concerns the de- 
sign of valve circuits for use with 
mission photocells. However, the 
areuit given finally in this paper 
forms a link, and a sufficient guide 
fo the expert in valve technique to 


show him what are the essential 
features, as far as he is concerned, of 
the photoelectric photometer. Beyond 
this point the interest of the average 
illuminating engineer ceases, and the 
remainder of the problem of design 
can be left to the specialist in that 
field. 

This paper is published by permis- 
sion of the Director of the National 
Physical Laboratory. 
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DISCUSSION 


The CHAIRMAN (Dr. H. Buckley) said 
that what had appealed to him was the 
essentially practical character of the 
paper, and as he was probably the only 
one present who had seen a copy of the 
full paper he could say that it was 
encyclopaedic in its scope and would 
form a splendid contribution to the 
Transactions of the Society. It was 
nearly ten years since the Society had 
had a paper on photoelectric photometry, 
and Mr. Preston had shown what in- 
provements had taken place in that 
period. 


Mr. G. T. Wincu said that the author 
had given such a complete survey of the 
subject that there was little to add. 

He had been very interested in the 
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DISCUSSION 


suggestion for the need to put the 
emission type of photocell in an 
evacuated or drying chamber, where 
high grid resistance values were used in 
order to obtain high light sensitivity. 
Ten years ago he had come to the same 
conclusion, and as the result had 
developed the Photocell Photometer 
Unit in which the electrometer triode, 
grid leaks, and photocell were all 
mounted in one evacuated glass 
envelope; these units had been commer- 
cially available since 1936. 

The extent of the linearity of response 
was very important in measuring appli- 
cations, and measurements on linearity 
measuring apparatus which he had 
described in 1938 indicated that the 
KMV6 type photocell was linear in its 
response to within 5 parts in 10,000 over 
a 10 to 1 ratio in incident light. 

In order to obtain the highest limiting 
sensitivity to light, it was essential that 
a photocell should have a very small 
or preferably no dark current. If the 
dark current was large, then an appre- 
ciable residual voltage was developed 
across the grid leak which often resulted 
in loss of photocell excitation potential 
and this was difficult to compensate. 
The fortuitous fluctuations in dark 


current tended to cause instability and 


“noise,” thus limiting the ultimate sensi- 
tivity which might otherwise be achieved 
and it often happened that a cell of less 
sensitivity in terms of micro-amps per 
lumen, had a higher limiting sensitivity 
when used in conjunction with a suitable 
amplifier, because of its small dark 
current. 

With regard to the rectifier cell, did 
he understand the author to say that in 
general this type of cell showed depar- 
tures as large as —18 per cent. from the 
value at normal incidence when the cell 
was illuminated at 70 degrees from the 
normal? If that were so, then the author 
appeared to have been unfortunate in 
his selection of cells, because many cells 
were treated with a matt cellulose 
finish which, up to that angle, showed 
departures of only about —5 or —6 per 
cent. Sometimes the error was positive 
by 1 or 2 per cent, and generally he did 
not think that the situation was as bad 
as the author suggested. 

As to the Campbell-Freeth circuit, 
that was certainly a useful circuit, 
especially as it enabled the rectifier 
type cell to be operated under short cir- 
cuit conditions, using a sensitive high 
resistance galvanometer for indicating 
the balance condition. In his own work 
he had found that it was not always 
the short circuit condition that gave the 
hearest approach to linearity of response. 
Moreover, the departures from linearity 


of response often varied largely with the 


individual photocells. 

Referring to the testing of photocells, 
both emission and _ rectifier type, 
he pointed out that nowadays random 
samples were taken from the bulk 
manufacture and tested for initial 
characteristics, after which they were 
life tested for 300 hours or more. This 
was a routine procedure for ensuring 
the maintenance of photocell quality. 


Mr. G. S. H. Mocrorp said that it did 
not necessarily follow that the use of 
rectifier cells in lightometers gave cor- 
rect readings, although many people 
assumed this to be the case. 

There were two main sources of 
error, the first being due to colour and 
the other to the angle of incidence of 
the light reaching the cell. In the case 
of colour, multiplication factors were 
issued by the manufacturers for various 
sources of light, but usually these were 
of a very general nature and with any 
specific measurement a certain error 
was to be expected. 

The correction factors were also 
affected by the wall and ceiling reflec- 
tion, and it can be readily appreciated 
that in the case of a small room illumi- 
nated by a single mercury lamp the light 
reaching the plane of measurement was 
dependent not only upon the lamp but 
also upon the colour of the walls, ceil- 
ings, etc. 

The use of a suitable filter to correct 
the response curve of the cell to a close 
approximation of the visibility curve, 
enables a_ direct reading of the 
lightometer to be obtained from the 
colour point of view, but unfortunately 
in most cases it increases the error due 
to light reaching the cell at high angles 
of incidence. 

With regard to the effect of angle of 
incidence, the error caused by this is 
often exaggerated by the glass cover 
fitted to protect the surface. The 
speaker found that the error with this 
type of cell was much higher than the 10 
per cent. quoted, it being possible to 
obtain an error as high as 25 per cent., 
although in standard general lighting 
installations the overall error was in the 
region of 13 per cent. 

As the lightometers are now utilised 
by many users it is desirable to make 
some attempt to educate them on the 
proper use of the instruments. Many 
illumination measurements are taken 
and accepted at lower values than is 
really the case, solely due to the in- 
ability of the cell and its glass cover- 
ing to obey the cosine law. In the case 
of lighting systems put forward by com- 
mercial firms, this can, in certain cases, 
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cause bad feeling either with the light- 
ing consultant or with the instrument 
manufacturers, when the errors are 
pointed out to the user, at what must 
seem a very convenient time, by the con- 
sultant. 


Dr. J. W. T. WaLsH thanked the author 
for stressing the difference between pre- 
cision and accuracy. It was important to 
remember that because an instrument 
repeated itself to a very high degree of 
precision it did not necessarily follow 
that accuracy was being obtained. 
Those of the older generation in photo- 
metry, who had been used to depend 
upon their eyes, were a little suspicious 
and uncomfortable when everything was 
put in a box and an instrument was read 
at the other end. There was sometimes 
a lurking fear that they might be un- 
consciously misled by the apparatus. 
However, it had to be recognised that 
with the photoelectric method it was 
possible to measure brightnesses or 
illuminations of an order which were 
quite impossible of measurement previ- 
ously with any accuracy at all. The 
photoelectric photometer was to be wel- 
comed, for its higher _ sensitivity 
and for the greater ease and comfort it 
gave the observer, and’it had been de- 
veloped to a very high degree of per- 
fection as the author had demonstrated. 

With regard to the angle of incidence 
of the light, mentioned by Mr. Winch, 
in many cases, and particularly in 
street lighting, this was a serious diffi- 
cult. In street lighting there were in- 
stances in which the light was so close 
to the horizontal that it was impossible 
to use the instrument in the horizontal 
position; it had to be used with the cell 
normal to the light and a correction was 
made afterwards. He was rather sur- 
prised that Mr. Winch questioned the 
percentage correction meritioned by the 
author, because his own experience was 
that this was often higher than —18 per 
cent. The author had not mentioned, 
‘when presenting the paper, the various 
devices which had been brought out for 
‘correcting automatically for the drop in 
‘sensitivity of the cell as the obliquity of 
the light increased. 

In connection with the use of large 
rectifier cells, the author had mentioned 
the difficulty of using anything but a 
‘very low illumination. Had any ex- 
periments been made on the lines of 
providing a central contact in addition 
to the circumferential contact, or pos- 
sibly several contacts at different parts 
of the cell surface, to get over that diffi- 
rculty? There would not appear to be 
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any mechanical objection, and it might 
prove useful in certain circumstances, 


Lieut.-Col. K. EpGCUMBE asked the 
author for a further explanation of his 
reference to 1,000 hours as the life tes 
of these cells at 200 ft.c. If the foot. 
candles had been lowered he woul 
have been inclined to increase the num. 
ber of hours. Did the author regan 
any particular foot-candie illumination 
as the maximum to which the cell should 
be subjected? On the question of 
fatigue, he said -he_had not realised be 
fore that it was the infra-red rays that 
caused fatigue. Would it be advisable, 
when testing for fatigue, to insert a filter 
and keep out the heat rays? Mention 
had been made of the advantages of 
using a small cell because the current 
had not so far to go. If one wanted 
more current than could be obtained 
from one cell, would it not be preferable 
to have two cells in parallel rather than 
one large cell? 

He supported Mr. Winch with regard 
to the effects of angularity and thought 
the author had been rather pessimistic 
about it. His own experience was that 
a matt varnish was quite useful and 
enabled a very much lower figure to be 
obtained than the figure given by the 
author. He preferred not to have a 
glass cover as the damp was bound to 
get in in our climate, and it was very 
difficult to dry it out again with the glass 
cover in front. 


Mr. G. F. FREEMAN, speaking on the 
question of colour correction factors— 
and calling attention to those due to 
Mr. Dow in the February and March 
issue of “ Light and Lighting ”—said the 
trouble very largely was what happened 
to the light after it left the source. This 
also included transmission from glass 
ware fittings. Therefore he felt it would 
be better to provide some colour cor 
recting filter and get away from correc 
tion factors. His own main experience 
had been in connection with the photo 
metry of fittings, and that should be 
handled on a different basis from the 
photometry of light sources. He had 
found rectifier cells satisfactory as long 
as they were placed far enough away 
from the fitting. There should be @ 
distance of not less than 10 ft. in the 
case of a 24-inch fitting With regard 
to stray light, one of the advantages of 
the photoelectric cell was that it re 
leased the observer from having to con- 
centrate on the photometer head. Per- 
sonally, he appreciated being able to 
look round to see where the stray 
came from. It was difficult to screen 
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involved in the demonstration. In 
another recent investigation it was found 
that with 1 milliamp. passing through 
the cell, the linearity was surprisingly 
good, and was better than had been 
obtained with earlier cells at 20 micro- 
amps. He thought the divergence be- 
tween the author’s experience and his 
own would be explained by differences 
between individual cells. It was possible 
to select cells with excellent characteris- 
tics, although he doubted whether suffi- 
cient was yet known of the physics of 
the cell to ensure a uniform production. 


Mr. C. I. WiInSTONE said he had been 
a practical photometrist with the 
selenium cell since 1934, when he 
bought his first instrument of this type. 
It had been used in street lighting tests 
twice a week up to the war with great 
success. At first the factor used was 
1.17, but it had frequently been cali- 
brated, although, after all these years, 
the factor had only altered to 1.33. The 
important thing in the use of this instru- 
ment was to see that it was definitely a 
one-man instrument, and in his own 
case the instrument had been used all 
the time by himself only. The result 
was that to-day it was as good as ever 
it was. When one remembered what 
had to be done at night years ago in 
regard to street lighting with the visual 
photometer, the advantages and con- 
venience of the photo-electric cell type 
were enormous. The selenium cell 
would give a true reading early in the 
evening or at 12 o’clock at night, when 
one’s eyes were tired, which was a great 
advantage. Again, with this type of 
photometer it was possible to see fluctua- 
tions of light immediately, which was not 
possible with the visual photometer in 
the case of very small fluctuations. Mr. 
Preston had said that red fatigued the 
photometer, but he himself happened to 
be working on gas, in which the red 
did not predominate in the light emission 
from the mantle, and therefore he took 
it that better results from this point of 
view would be obtained than with 
another form of light in which red pre- 
dominated. Finally, he asked Mr. 
Preston what his experience had been 
with a temperature of more than 75 deg. 
F. Would it definitely damage the cell? 


Captain Murray asked the author 
why the rectifier type of cell was not so 
ane for cine purposes as the other 
ypes. 


The CHAIRMAN said that before calling 
on the author to reply there were two 
questions he would like to put. One had 
already been mentioned by an earlier 
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speaker. Would not it be possible to yp 
a contact strip, on a rectifier cell, in th 
form of a spiral, so that the path of th 
curtent in the sputtered metal film wou 
everywhere be very short? That wou 
have the effect of cutting down the seng. 
tive area of the cell, but it would hay 
compensating advantages in other 

The other question was with regard ty 
the fact that it was peculiar that th 
rectifier cell should show fatigue to way 
lengths in the red but not to shorter 
wave-lengths not very far away from th 
red. What caused this differential sele. 
tive effect in fatigue? During the pas 
ten years there had been a number of 
improvements in rectifier cells, and it 
would be interesting to know what hai 
been done specifically to produce thee 
improvements. 








Mr. J. S. PRESTON, in reply, firs 
thanked the speakers in the discussion 
for filling in many gaps in the paper 
He agreed with Mr. Winch that in orde 
to obtain the highest sensitivity in 2 
photometer using an emission cell j 
was most important to choose a cell with 
a small dark-current. The sensitivity of 
the cell was of less importance. It was 
therefore, best to avoid cells with a high 
red-sensitivity. He was aware, of 
course, that matt lacquer was often used 
to improve the polar curve of respons 
of rectifier cells. Close conformity with 
the cosine law at very oblique angle 
might certainly be important in certain 
cases, as in street lighting measur 
ments. On the other hand, this might 
be obtained at the expense of a greater 
departure from the law at less oblique 
angles, i.e., in zones which might often 
be the most important, as in genera 
daylight or indoor measurements. He 
thought this sometimes was the cas 
when a matt lacquer was used, though 
he had made no recent measurement 
on commercial cells so treated. He was 
inclined, therefore, to agree with 
Mr. Maxted that a matt lacquer was 
perhaps an unnecessary refinement. Fo 
many purposes the glossy finish did no 
lead to serious errors. The errors lf 
had mentioned were calculated for ‘ 
glossy lacquer.* As regards the Camp 
bell-Freeth circuit, an important prac 
tical advantage was the use of an i 
ment (potentiometer) with a very lon 
scale, enabling small readings as well # 
larger ones to be made with good pre 
cision. It might be that the short-ir 
cuit condition obtained with this circu 
did not always result in a minimul 
departure from linearity over a limite 


> eas * See reference (29). 
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small range of photocurrents, but over 
a sufficiently extended range it would 
almost certainly do so. 

He agreed with Mr. Mogford that a 
glass cover on a rectifier cell (and in 
sme cases obstruction by the cell 
mounting) much increased the errors 
in illumination measurements. It was, 
however, important to avoid damp con- 
ditions when no cover was used, because 
damage due to moisture was irreparable. 

The point of view of Dr. Walsh in em- 
phasizing the difference between pre- 
cision and accuracy was the one he 
himself had tried to stress. Photo- 
electric instruments were particularly 
yseful for detecting small variations 
and differences in amounts of light and 
they could also, of course, be used 
for the measurement of stray light, 
which was a very useful practical appli- 
cation. 

The use of a central or spiral contact 
on rectifier cells as an outlet for the 
current, in addition to the usual peri- 
pheral contact, would introduce difficul- 
ties, Perhaps one reason why the area 
of the contact was not increased might 
be that there would be additional ‘nter- 
nal leakage effects. The reduction in the 
eiective area of the cell would not be 
very important because cells could be 
ued in parallel. The use of several 
small cells in parallel was probably a 
better plan, and certainly more con- 
venient to the manufacturer. 

In reply to Mr. Maxted, he agreed that 
the paper described a good many dis- 
advantages, but the extent to which 
photoelectric cells were used for photo- 
metry was good proof of their advan- 
tages, and one of the most important 
was repetition accuracy, or precision. 
The stability of the modern cell of either 
type was very good and the real prob- 
lem was often to get stable and properly 
clibrated auxiliary instruments, For- 
tunately, at the National Physical 
Laboratory he did not have to face that 
difficulty. In the demonstration he had 
shown of linearity, he had used an illu- 
nination of the order of 10 ft.-c., which 
was reasonably low, but he would not 
be surprised to find with a 45 mm. cell 
aid currents up to 100 milliamperes, 
departures from linearity of perhaps 4 
or 5 per cent. That was his average 
experience. 

The question of fatigue when testing 
gas lighting had been mentioned by 
Mr. Winstone, and it was quite possible 
there would be less fatigue than when 
testing certain other. sources of light. 
The fatigue of the cell was very small 
i the green as compared with the red 
nd of the spectrum. The use of a cor- 


rection filter would in all cases reduce 
the radiation in the red end of the spec- 
trum considerably, and so would reduce 
fatigue. That was a point in favour of 
the filter as against the use of correction- 
factors. The maximum safe working 
temperature for rectifier cells might be 
taken as 100 deg. F., but it did not fol- 
low that they would be unaffected if 
maintained at that temperature some 
considerable time. 

As to the life testing of rectifier cells, 
referred to by Col. Edgcumbe, the figure 
of 1,000 hours at 200 ft.-c. was taken as 
an example of a test to which modern 
cells stood up very well. He had not 
carried such tests beyond 1,000 hours, 
but there might well be a limit to the 
life of the cells, which might be related 
to the total ampere hours of output 
drawn from them. It would be interest- 
ing to carry out tests over a longer time 
and at even higher illuminations, there- 
fore. The maximum safe illumination 
for a rectifier cell depended largely on 
whether it was in circuit or not. If it 
were on short circuit a large current 
might flow through it, and probably 500 
ft.-c. would be a safe working limit for 
67 mm. cells. Smaller cells might be 
assigned rather higher limits. 

The fatigue in rectifier cells was not, 
apparently, due to far infra-red or to 
radiant heat—that is to say, to radiation 
of wavelengths longer than those to which 
the cell responds photo-electrically. 

The question of multi-range instru- 
ments mentioned by Professor Mar- 
Gregor Morris was rather a _ long 
one to deal with in full. Systems 
which involved large changes_ in 
the resistance across the cell termi- 
nals on changing the ranges were 
to be deprecated. As an example of the 
reason for this one had only to consider 
the case of a cell in which the internal 
resistanc2 was lowered considerably by 
some defect. The result would be a 
serious loss in output on a high resis- 
tance circuit, but very little on a low 
resistance circuit; so that calibration 
under the latter condition might be only 
slightly affected, though under the 
former it would no longer remain even 
approximately correct. In fact, the 
lower the resistance on any range, the 
better would be the stability of the 
calibration. 

The use of a diaphragm with a fairly 
large number of holes, close 'to the sur- 
face of the cell, was permissible and 
would generally give consistent results. 
The surface of a cell might not be uni- 
formly sensitive, however, and if the 
number of holes were limited to three 
or four, say, it would probably be 
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necessary always to use the diaphragm In reply to the chairman, he had a 
in the same orientation with regard to present no certain explanation to offer 
the cell. regarding the selective effect in the 


When rectifier cells were used for fatigue of rectifier cells. It seemed jp. 
sound-film purposes, as mentioned by teresting to note, however, that the 
Captain Murray, it was the alternating fatigue occurred for light of wave 
component of the output which was lengths in the region for which selemyn 
utilised. For a given amplitude of the _ had a high optical transmission. Possibly 
light variations, this would fall seriously therefore penetration of the light be 
at the higher frequencies owing to the low the surface of the selenium was mn 
internal capacity of the cell itself (of | some way concerned in the effect. The 
the order 0.1 #fd. for a 45 mm. cell). recent improvement in rectifier cells 
Just what effect the frequency might had, he thought, resulted mainly from 
have on the mean direct current from improvements tin the technique of manu 
the cell was an interesting question, facture. That many different sputtered 
however, since cells used to measure films, or surface treatments, had been 
fluorescent lamps operated on A.C. _ tried, was evident from an inspection of 
would generally be calibrated with a cells on the market, and of the litera 
steady light source. No large errors’ ture, but there was little doubt that the 
would probably be involved, but he light sensitive element had, with few 
was unaware of any investigation of this exceptions, always been pure selenium 
point. in the crystalline form. 


Additions to List of Members. 


The following applicants have been duly elected by the Council to membership 
in the Society, and their names have been added to the list of members :— 


SUSTAINING MEMBER:— 


Walker Bros. (Electrical Engineers), Ltd. Representative: PEnson, F, 
Temple Row, Birmingham, 1. 


CORPORATE MEMBERS :— 


Bansback, C. H. ......5, The Kingsway, Ewell, SuRREY. 
BN Go. Bas cacvaseusesd 64, Derby Road, Long Eaton, Dery. 
Cantwell, M. W. ......5, Ashridge Gardens, Palmers Green, Lonpon, N.13. 
os Ay gt aa a kaa 22a, Friar Gate, DERBY. 
SUETEE, xncndcksadeoese 79, High Street, Long Eaton, Dery. 
Goldsmith, O. L. ......2, Ranmore Road, Cheam, SuRREY. 
CRIA. vic cascies<save 16, Riversfield Road, Enfield, M1IppLEseEx. 
ee, FAs ees” ks vsoces Sadler Gate, DERBY. 
Matheson, W. A. ...... 31, Park Avenue West, Ewell, SuRREY. 
BRRROOE. BL. AAG cincswsnane 12, Hill Court, Romford, Essex. 
Rowlands, D. I. ...... “ Brockhill,” Corbett Cres., Caerphilly, SourH WaALEs. 
Pickering, R. S. ...... Shenstone Hall, Nr. Lichfield, S. Starrs. 
ASSOCIATES :— 
OS Ga Ee ae “ Rosalie,”” Breedon Avenue, Sunnyhill, Dery. 
Seton, I. ..........e0.00 77, Uttoxeter Road, Michleover, DerBy. 





The Illuminating Engineering Society is not, as a body, responsible for the opinions expressed by 
individual authors or speakers. 


With a view to avoiding possible confusion with other publications, reference to these Transactions 
should be in the form :—< Trans. Illum. Eng. Soc. (London).”’ 


— 152 — 








wera 


